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Abstract 


Spectral  sensors  are  commonly  used  to  measure  the  intensity  of  optical  radiation  and 
to  provide  spectral  information  about  the  distribution  of  material  components  in  a 
given  scene,  over  a  limited  number  of  wave  bands.  By  exploiting  the  polarization 
of  light  to  measure  information  about  the  vector  nature  of  the  optical  field  across  a 
scene,  collected  polarimetric  images  have  the  potential  to  provide  additional  informa¬ 
tion  about  the  shape,  shading,  roughness,  and  surface  features  of  targets  of  interest. 
The  overall  performance  of  target  detection  algorithms  could  thus  be  increased  by 
exploiting  these  polarimetric  signatures  to  discriminate  man-made  objects  against 
different  backgrounds. 

In  order  to  understand  how  the  polarisation  of  light  might  help  in  the  discrimina¬ 
tion  of  solid  targets  from  their  background,  a  field  trial  was  conducted  at  DRDC 
Valcartier  between  14-16  May  2008.  The  approach  consisted  in  evaluating  the  depo¬ 
larization  ratio  of  different  solid  targets  using  active  polarization  signatures  at  532  nm. 
This  technical  report  presents  the  set-up,  the  methodology  and  the  type  of  targets 
measured  during  the  trial.  The  targets  used  were  segmented  into  eight  groups:  insu¬ 
lation,  wood,  metallic,  environment,  sand  paper-type,  industrial  plastic-type,  bottles 
and  sand  targets.  Experimental  results  on  the  influence  of  solid  target  reflectivity 
and  incident  angle  on  depolarization  ratio  and  reflected  energy  from  polarized  lights 
is  also  provided. 
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Resume 


Des  capteurs  spectraux,  fonctionnant  sur  une  plage  spectrale  limitee,  sont  couram- 
ment  utilises  pour  obtenir  des  informations  sur  1a,  nature  spectrale  de  certains  ma- 
teriaux  presents  dans  une  scene.  En  exploitant  la  polarisation  de  1a,  lumiere  pour 
mesurer  des  informations  sur  le  champ  optique  d’une  scene,  il  est  possible  d’obte- 
nir  des  images  polarimetriques  qui  ont  le  potentiel  d’accroitre  la  connaissance  sur  la 
forme,  la  rugosite  ainsi  que  les  caracteristiques  de  surface  de  certaines  cibles  d’interet. 
La  performance  globale  d’algorithmes  de  detection  de  cibles  peut  ainsi  etre  accrue 
par  1’ exploitation  de  ces  signatures  polarimetriques  pour  discriminer  des  objets  de 
l’arriere  scene. 

Pour  comprendre  comment  la  polarisation  de  la  lumiere  peut  aider  a  la  discrimination 
de  cibles  solides,  un  essai  a  eu  lieu  a  RDDC  Valcartier  entre  le  14  et  le  16  mai  2008. 
Cet  essai  consistait  a  evaluer  le  ratio  de  depolarisation  de  certaines  cibles  solides 
par  l’utilisation  de  leurs  signatures  polarimetriques  actives  a  532  nm.  Ce  rapport 
technique  presente  le  montage  experimental,  la  methodologie  ainsi  que  les  differentes 
cibles  mesurees  durant  cet  essai.  Les  cibles  etaient  divisees  en  huit  groupes  :  les 
materiaux  isolants,  le  bois,  le  metal,  les  cibles  d’environnement,  les  papiers  sables, 
les  plastiques  industriels,  les  bouteilles  et  le  sable.  Des  resultats  experimentaux  sur 
l’influence  de  la  refiectivite  de  ces  cibles  solides  et  Tangle  d’incidence  sur  le  ratio  de 
depolarisation  et  Tenergie  reflechie  de  la,  lumiere  polarisee  sont  egalement  presentes. 
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Executive  summary 

Influence  of  solid  target  reflectivity  and  incident  angle 
on  depolarization  ratio  and  reflected  energy  from 
polarized  lights 

Daniel  A.  Lavigne  ,  Melanie  Breton  ;  DRDC  Valcartier  TR  2008-394;  Defence 
R&D  Canada;  November  2009. 

The  objective  of  this  research  and  development  project  is  to  discriminate  solid  targets 
using  their  respective  active  polarization  signatures.  Accordingly,  reflectivities  and 
depolarization  ratios  of  solid  targets  were  computed  based  on  measurements  using 
a  dual  images  polarization  lidar  consisting  of  a  Q  switch  laser  operating  at  532  nm, 
a  telescope,  and  a  gated  intensified  CCD  camera  from  Andor  Technology.  Target 
measurements  were  collected  at  DRDC  Valcartier  in  May  2008. 

Numerous  types  of  materials  were  employed  as  interesting  targets,  including:  insu¬ 
lation,  wood,  metal,  sand  papers,  composite  plastic,  concrete,  grasses,  wet  and  dry 
sands,  and  other  environmental  targets.  Both  linear  and  circular  polarized  lights  were 
used  in  the  field  measurements,  and  four  incident  angles  (0,  15,  30,  and  45  degrees 
with  respect  to  the  vertical  axis)  were  generated  individually.  It  was  shown  that: 

1.  Metals  (both  bare  and  painted  ones)  are  very  special  targets,  showing  very  little 
depolarization  at  any  incident  angle.  They  were  very  reflective  at  angle  0  degree 
(with  respect  to  the  vertical  axis),  but  their  reflectivity  dropped  sharply  when 
incident  angle  increases. 

2.  For  most  targets,  the  depolarization  ratios  generally  increase  when  incident  an¬ 
gle  change  from  0  to  30  degrees  .  However,  when  incident  angle  was  further 
increased  to  45  degrees,  depolarization  ratios  decreased. 

3.  For  most  targets,  high  reflectivity  usually  corresponds  to  higher  depolarization. 
But  it  is  difficult  to  compare  between  targets  from  different  category. 

Beside  the  532  nm  lidar  being  used  for  the  measurements,  additional  signatures  were 
collected  using  a  lidar  operating  at  a  wavelength  of  1.57  /im.  This  was  done  in  order 
to  compare  the  differences  in  the  polarimetric  signatures  of  targets  using  two  differ¬ 
ent  collecting  devices.  Linear  depolarization  ratios  of  targets  measured  from  lidar 
operating  at  1.57  /mi  were  usually  higher  than  those  acquired  from  lidar  operating 
at  532  nm. 
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The  polarimetric  signatures  collected  from  these  solid  targets  will  populate  a  reference 
library  that  will  be  used  in  future  work  involving  the  use  of  polarimetric  signatures 
to  discriminate  solid  targets  against  different  backgrounds. 
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Sommaire 


Influence  of  solid  target  reflectivity  and  incident  angle 
on  depolarization  ratio  and  reflected  energy  from 
polarized  lights 

Daniel  A.  Lavigne  ,  Melanie  Breton  ;  DRDC  Valcartier  TR  2008-394;  R  &  D  pour  la 
defense  Canada;  novembre  2009. 

L’objectif  de  ce  projet  de  recherche  est  de  discriminer  des  cibles  d’interet  en  utili- 
sant  leurs  signatures  polarimetriques  respectives.  Ainsi,  les  ratios  de  reflectance  et 
de  depolarisation  de  ces  cibles  ont  ete  calcules  en  fonction  des  mesures  utilisant  un 
lidar  imageur  a  double  polarisation  operant  a  532  nm  et  utilisant  :  un  telescope,  une 
camera  avec  un  intensificateur  CCD  de  Andor  Technology.  Les  mesures  de  ces  cibles 
ont  ete  recueillies  a  RDDC  Valcartier  au  mois  de  mai  2008. 

Plusieurs  types  de  materiaux  ont  ete  employes  comme  cibles  d’interet,  incluant  : 
isolants,  bois,  nietaux,  papiers  sables,  plastiques,  beton,  gazon,  sable  humide  et  sec, 
et  d’autres  cibles  environnementales.  La  lumiere  polarisee  lineaire  et  circulaire  a  ete 
utilisee  et  quatre  angles  incidents  (0,  15,  30  et  45  degres  selon  l’axe  vertical)  ont  ete 
generes  individuellement.  Is  a  ete  demontre  que  : 

1.  Les  objects  metalliques  sont  des  cibles  tres  speciales,  demontrant  une  faible  de¬ 
polarisation  independamment  de  Tangle  incident.  Ils  sont  tres  reflectifs  a  0  °  (se¬ 
lon  Taxe  vertical),  mais  leur  reflectivite  decroit  abruptement  lorsque  Tangle  in¬ 
cident  augmente. 

2.  Pour  des  cibles,  les  ratios  de  depolarisation  augmentent  generalement  lorsque 
Tangle  incident  change  de  0  a  30  degres.  Par  contre,  lorsque  Tangle  incident  a 
augmente  a  45  degres,  les  ratios  de  depolarisation  diminuent. 

3.  Pour  la  plupart  des  cibles,  une  haute  reflectivite  correspond  habituellement 
a  une  forte  depolarisation.  Cependant,  il  est  difficile  de  comparer  des  cibles 
classees  selon  differentes  categories. 

Juxtaposees  aux  mesures  effectuees  a  Taide  du  lidar  532  nm,  des  signatures  addition- 
nelles  ont  ete  acquises  a  des  fins  de  comparaison  en  utilisant  un  lidar  operant  a  une 
longueur  d’onde  de  1.57  /mi.  Les  ratios  de  depolarisation  lineaire  des  cibles  mesurees 
a  Taide  du  lidar  operant  a  une  longueur  d’onde  de  1.57  /mi  etaient  generalement  plus 
eleves  que  ceux  generes  par  le  lidar  operant  a  une  longueur  d’onde  de  532  nm. 
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Les  signatures  polarimetriques  acquises  de  cibles  d’interets  vont  alimenter  une  librairie 
de  reference.  Celle-ci  sera  utilisee  lors  de  travaux  ulterieurs  pour  discriminer  des  cibles 
de  leur  arriere-plan,  en  utilisant  leurs  signatures  polarimetriques  respectives. 
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1  Introduction 


The  Spectral  and  Geospatial  Exploitation  Section  of  Defence  Research  and  Develop¬ 
ment  Canada  -  Valcartier  has  the  mandate  to  explore  new  surveillance  sensor  concepts 
to  enhance  the  detection,  recognition  and  identification  of  maritime,  surface,  and  air¬ 
borne  targets.  One  of  the  Section’s  axes  of  research  is  to  investigate  new  imaging 
technologies  and  concepts  to  improve  the  Canadian  Forces  surveillance  and  recon¬ 
naissance  capabilities. 

The  use  of  electro-optical  instruments  and  sensors  in  military  operations  has  been 
increasing  rapidly  in  recent  years.  The  overwhelming  advantages  enjoyed  by  a  force 
that  owns  devices  like  laser  rangefinders,  designators,  night-vision  goggles,  day  and 
night  cameras  and  thermal  imagers  were  evident  during  the  last  conflicts  (90-91  Gulf 
war,  Kosovo,  Afghanistan,  Iraq),  when  the  U.S.-led  various  coalitions  made  extensive 
use  of  these  technologies.  During  conflicts  or  peacekeeping  missions  in  which  the 
Canadian  Forces  have  participated,  the  short-to-medium  range  capabilities  of  these 
optronic  devices  and  their  complementary  role  to  radar  were  appreciated.  Radars  are 
well-known  long-range,  all-weather  detection  sensors,  with  generally  poor  resolution, 
as  optronic  sensors  are  shorter  range,  high-spatial  resolution  imaging  devices.  Today, 
almost  all  surveillance  platforms  are  equipped  with  some  electro-optical  (EO)  sensors, 
CCD  cameras,  and  image  intensified  systems  and  thermal  imaging  sensors  are  among 
the  most  commonly  used  imaging  devices.  In  the  near  future,  it  is  expected  that 
imaging  systems  using  polarization  could  be  added  to  the  list. 

Polarization  is  an  important  property  of  light  and  represents  a  fundamental  concept 
in  several  technological  fields  such  as  imagery,  telecommunication,  medicine,  and 
instrumentation.  Many  applications  use  active  coherent  illumination  and  analyze  the 
variation  of  the  polarization  state  of  the  optical  signal  [1,  2,  3,  4,  5].  Polarization  of 
light  has  been  used  and  studied  by  many  people  in  the  past  for  different  applications 
[6,  7,  8,  9,  10,  11,  12], 

This  technical  report  investigates  the  target  contrast  enhancement  obtained  by  ana¬ 
lyzing  the  polarization  of  the  reflected  light  from  either  a  direct  polarized  laser  source 
as  encountered  in  active  imagers  or  from  natural  ambient  illumination  [13,  14,  1,  2], 
This  technique  is  known  as  polarimetric  imaging  and  is  based  on  the  discrimination 
property  that  man  made  objects  will  not  depolarize  light  in  the  same  manner  than 
natural  background  will,  thus  implying  their  potential  use  for  applications  like  target 
detection  and  target  recognition.  It  has  a  strong  potential  for  detecting  objects  that 
have  a  low  contrast  in  classical  intensity  images.  Furthermore,  polarimetric  imaging 
may  also  be  used  to  discriminate  some  events  of  interest  (e.g.  tracks  left  in  snow, 
disturb  soil,  etc.)  against  various  types  of  natural  background  [5,  15,  16,  17,  18]. 

Accordingly,  one  of  the  objectives  of  the  applied  research  project  (ARP)  entitled 
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Phenomenology  and  utility  assessment  study  of  the  polarimetric  EO  imaging  concept 
(15dk03)  requires  to  deliver  a  complete  study  on  the  phenomenology  and  on  the 
utility  of  the  polarimetric  EO  imaging  concept.  Its  main  objective  is  to  assess  to  what 
extent  and  under  which  illumination  and  environmental  conditions  the  exploitation 
of  polarimetric  images  is  suitable  to  enable  target  detection  and  recognition  for  some 
events  of  interest.  Previously,  studies  such  as  [19]  and  [20]  in  LWIR,  [14]  and  [6] 
in  the  visible,  have  been  made  about  the  polarization  properties  in  passive  imaging 
of  sample  targets.  Similarly,  depolarization  is  used  with  lidar  system  to  distinguish 
between  liquid  and  solid  phases  of  water  in  the  atmosphere  [21,  11],  However,  there 
was  no  study  showing  the  results  between  the  degree  of  polarization  in  passive  and 
the  depolarization  ratio  in  active  systems. 

Within  the  scope  of  this  project,  a  field  trial  was  carried  out  at  DRDC  Valcartier 
during  14-16  May  2008.  The  aim  of  this  trial  was  to  collect  active  polarization  signa¬ 
tures  of  solid  targets  in  order  to  discriminate  them  from  their  background.  To  do  so, 
reflectivity  and  depolarization  ratios  of  these  solid  targets  have  been  measured  with  a 
dual  image  polarization  lidar  (consisting  of  a  Q  switch  laser  operating  at  532  nm),  a 
telescope  and  a  gated  intensified  CCD  camera  from  Andor  Technology.  Additionnaly, 
polarization  signatures  were  collected  using  a  lidar  operating  at  a  wavelength  of  1.57 

yum. 

Different  types  of  targets  have  been  measured:  construction  materials  and  grass,  tex¬ 
tiles,  woods,  environmental  targets,  insulation  materials,  sands,  composite  plastics, 
and  metals.  The  set-up  was  made  of  subtargets  mounted  onto  a  wooden  board  topped 
by  a  white  and  a  black  Spectralon.  These  experimental  results  will  become  a  reference 
data  for  future  work  in  imaging  polarization. 

Specifically,  the  objectives  were: 

-  to  gather  information  about  the  influence  of  different  incident  angles  on  the  depo¬ 
larization  ratio  of  Spectralon; 

-  to  gather  information  about  the  influence  of  different  incident  angles  on  the  depo¬ 
larization  ratio  and  degree  of  polarization  of  selected  targets; 

-  to  build  a  polarization/depolarization  signatures  library  to  be  a  reference  data  for 
future  work  in  imaging  polarization. 

This  technical  report  is  divided  into  5  different  sections.  Section  2  presents  the  exper¬ 
imental  set-up  used  to  conduct  the  field  trial,  including  the  environmental  chamber 
and  the  optical  bed.  The  methodology  used  throughout  this  research  project  to  cal¬ 
ibrate  the  laser  devices  and  to  collect  relevant  polarimetric  signatures  is  presented 
in  section  3.  Section  4  enumerates  the  different  solid  targets  that  were  measured 
and  presents  the  associated  experimental  findings.  A  summary  of  the  experimental 
results  is  presented  in  section  5.  Comparison  wrt  the  depolarization  ratios  with  the 
lidar  operating  at  1.57 /mum  is  presented  in  section  6.  Final  conclusion  and  future 
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work  are  presented  in  section  7. 

This  work  was  performed  under  15DK03  "Current  and  Emerging  Image  Exploitation 
Techniques"  from  May  2008  to  May  2009. 


DRDC  Valcartier  TR  2008-394 


3 


This  page  intentionally  left  blank. 


4 


DRDC  Valcartier  TR  2008-394 


2  Experimental  set-up 


This  section  presents  the  experimental  set-up  used  during  the  field  trial.  It  includes 
the  description  of  the  environment  chambers  and  the  optical  set-up  used  for  collecting 
the  polarization  signatures  of  solid  targets. 

2.1  The  environment  chamber 

The  entire  field  trial  took  place  in  the  north  side  of  DRDC  Valcartier,  situated  at 
the  north  side  of  Road  573.  The  targets  were  installed  in  the  22  meters  long  com¬ 
pact  aerosol  dissemination  chamber  (Figure  1),  located  in  the  experimental  complex. 
Solid  targets  were  installed  at  three-quarter  end  within  the  chamber,  which  could  be 
established  from  0  to  500  meters  away  from  the  electro-optic  device.  Figure  2  shows 
the  experimental  layout  of  the  environmental  chamber. 


Figure  1:  The  compact  aerosol  dissemination  chamber 


Solid  targets  were  set  on  an  automated  Pan’n’Tilt  device  where  the  angles  were  set 
precisely  for  each  measurement.  Targets  were  turned  upside  down  at  the  end  of  an 
acquisition  set  since  the  laser  beam  was  not  wide  enough  to  measure  the  targets  panel 
as  a  whole.  All  measurements  were  collected  during  daytime.  Figure  3  illustrates 
the  environment  chamber  as  viewed  from  the  laboratory  window  and  some  targets 
installed  on  the  Pan’n’Tilt  device. 
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22  m 


Corridor 

Figure  2:  Experimental  layout 


(a)  Environment  chamber 


(b)  Targets  and  Pan’n'Tilt 


Figure  3:  Environment  chamber  viewed  from  the  laboratory  window  and  example  of 
targets  installed  on  the  Pan’n’Tilt 
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2.2  Optical  set-up 

Targets’  measurements  were  performed  using  a  532  nm  MFOV  lidar.  Subtargets  of 
each  target  category  were  glued  on  a  top  of  a  black  wooden  board,  the  later  being 
set  up  at  the  end  of  the  environment  chamber  located  105  meters  from  the  lidar. 
Considering  the  environment  chamber  is  22  meters  long,  the  target  distance  to  the 
lidar  was  approximately  120  meters. 


The  lidar  includes  a  telescope  coupled  to  a  gated  intensified  CCD  camera  (G-ICCD) 
synchronized  with  a  doubled  Nd-YAG  laser.  The  laser  beam  is  pointed  at  the  desired 
location  using  a  scene  mirror  and  a  scanner.  The  analyzer  is  a  two  polarized  cube 
beam  splitters  and  a  single  ICCD  camera  used  to  image  simultaneously  the  two 
polarization  states  of  the  backscattered  polarization  (Figure  4). 


P  M:  20  cm  pa  ra  bo  I  c  mi  rror;  F :  532  nm  i  ntef  er  ence  fitter;  PC_1  a  nd  PC  _2 :  po  larizatio  n  cube  b  e  am  s  p  litte  r;  Att_1  and  At_2 :  atte  nu3to  rs 


Figure  4:  Imaging  the  two  polariza  tion  states  of  the  backsca  ttered 

When  the  polarized  laser  beam  from  the  lidar  hits  the  target,  part  of  the  light  is 
absorbed  while  the  other  part  is  reflected.  The  backreflected  lights  with  two  compo¬ 
nents  (p  and  s,  for  parallel  and  incident  light  projections)  are  collected  and  imaged 
by  the  ICCD  camera,  resulting  in  the  formation  of  two  images.  A  set  of  1000-1000 
attenuator  is  set  up  in  front  of  the  ICCD  camera  to  attenuate  the  signal  intensity 
in  order  to  avoid  the  saturation  of  the  camera’s  CCD  chip.  The  light  from  the  laser 
source  passes  through  half-wave  and  quarter-wave  retarders.  Figure  5  is  a  schematic 
illustration  of  the  optical  set-up. 

Both  retarders  could  be  rotated  90  °  around  their  optical  axis.  By  flipping  (rotating) 
the  half-wave  and  quarter-wave  retarders,  five  (5)  different  polarized  states  of  the 
laser  light  could  be  generated.  Those  were  linear  vertical  (0  ° ,  0  ° ),  linear  horizontal 
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(a)  Emission 


(b)  Reception 


Figure5:  Schematic  illustration  of  the  optical  set-up.  5(a)  is  the  Emission  layout.  A 
laser  first  reflected  to  a  beam  splitter  where  only  the  parallel  component  is  transmit¬ 
ted.  Then,  it  goes  through  two  wave-plate  retarder.  The  half  wave-plate  transform 
the  linear  polarization  into  a  circularly  polarized  light,  while  the  quarter-wave  plate  is 
used  to  rota  te  the  light  from  vertical  to  linear  (or  left  to  write,  in  the  case  of  circular 
polarization).  5(b)  is  the  Reception  layout.  The  light  from  the  target  is  reflected 
toward  a  quarter-wave  plate.  Then,  the  light  is  separated  into  two  components:  us¬ 
ing  two  beam  splitters.  A  CCD  (an  Andor  i-Star  Camera)  acquires  the  two  resulting 
images. 


(90  ° ,  0  ° ),  circular  left  (0  ° ,  n/2  ° ),  circular  right  (90  ° ,  n/2  ° )  and  Retarders  ’  Special 
that  corresponded  flipping  only  the  reception  quarter-wave  plate. 

The  backreflected  light  passes  through  a  quarter-wave  plate  before  the  signal  arrives 
to  the  camera.  The  fast  axis  of  the  wave  plate  is  set  at  0  °  for  linearly  polarized  light, 
and  at  45  °  for  circularly  polarized  light  to  make  sure  the  light  reaching  the  camera  is 
linearly  polarized. 

In  order  to  illuminate  the  target,  the  laser  beam  divergence  is  increased  using  an 
external  lens  to  the  system.  To  examine  the  influence  of  the  incident  angle  to  target 
depolarization  ratio  and  reflectivity,  panels  were  set  up  and  measured  at  desired 
angles.  Targets  made  of  different  materials  were  used,  including:  insulations,  woods, 
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metals,  sand  papers,  concrete,  grasses,  wet  and  dry  sands,  composite  plastics  as  well 
as  other  environmental  targets  with  each  material  category  (panel)  containing  some 
subtargets.  Figure  6  illustrates  the  laser  set-up. 
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(a)  Emission 


(b)  Reception 

Figure  6:  Laser  Set-  Up 
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3  Methodology 


The  experiment  was  designed  to  examine  the  influence  of  different  incident  angles 
on  the  depolarization  ratio  of  a  range  of  solid  targets.  The  precise  measurement 
of  the  depolarization  ratio  requires  the  knowledge  of  the  relative  response  of  both 
polarization  channels,  and  the  reflectivity  examination  should  based  on  uniform  laser 
beam.  Therefore,  some  signal  calibration  are  necessary  before  further  analysis. 

This  section  presents  the  target  acquisition  and  calibration  acquisition  methodologies 
used  throughtout  the  conducted  field  trial. 

3.1  System  calibration 

The  lidar  measurements  need  to  be  calibrated  to  take  into  account  the  relative  re¬ 
sponse  of  the  two  polarization  channels  which  is  affected  by  the  attenator  transmission 
values,  the  mirror  reflectivity  difference  between  the  s  and  p  waves,  and  the  signal 
losses  in  the  cubes.  Relative  calibration  (i.e.  calibration  to  measurements  of  left 
image)  of  the  lidar  system  should  be  performed  to  ensure  both  linear  or  circular 
depolarizations  obtained  are  same  (ideally)  or  close  enough  (in  reality). 

The  relative  factors  were  calculated  based  on  the  measurements  of  a  homogeneous 
target  with  a  low  depolarization.  The  target  depolarization  ratio  is  intrinsic  to  the 
material  nature  and  does  not  depend  on  the  polarization  orientation  (linear  verti¬ 
cal/horizontal  or  circular  left/right)  of  the  incident  radiation.  After  the  calibration, 
depolarization  ratios  resulting  of  linear  vertically  polarized  light  and  circular  polarized 
light  can  be  compared  between  different  targets. 

3.2  Laser  beam  uniformity  calibration 

To  illuminate  most  of  the  panel  targets,  large  beam  divergence  was  used:  the  laser 
beam  could  not  be  considered  as  being  uniformly  distributed.  In  order  to  be  able  to 
examine  the  reflectivity  of  each  target,  the  non-uniformity  of  the  laser  beam  has  to 
be  calibrated.  This  is  called  laser-beam  uniformity  calibration. 

The  laser  beam  calibration  can  be  realized  based  on  the  measurements  of  a  homoge¬ 
neous  target  which,  in  the  field  measurement,  was  the  subtarget  supporting  wooden 
board.  For  each  polarized  (linear  horizontal  and  vertical,  circular  right  and  left)  light, 
five  individual  measurements  of  the  homogeneous  target  were  averaged.  The  maxi¬ 
mum  value  of  the  averaged  image  (right)  was  used  as  the  reference  to  calibrate  other 
pixels  of  the  image.  The  same  procedure  was  applied  to  the  other  image  (left).  The 
generated  calibration  matrix  was  then  affected  to  each  target  category.  Here  is  an 
example:  Assuming  the  left  and  right  image  matrices  of  the  uniform  target  after  five 
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measurements  averaging  are  ML  and  MR  with  element  of  muj  and  rnRlJ,  the  largest 
elements  of  the  Ml  and  MR  being  m/4J  and  mRij ,  then  the  calibration  matrices  for 
the  left  and  right  images  are: 

CL  =  Ml  ■  /mL  =  { mLij/mL },  (1) 

CR  =  Mr  ■  /rnR  =  {mRij/mR}  (2) 

If  the  matrices  of  left  and  right  images  of  the  measuring  target  is  TL  and  TR,  then 
after  laser  beam  uniformity  calibration,  the  calibrated  image  matrices  will  be: 

Tlc  =  Cl  ■  xTl  =  {cLij  ■  tLij},  (3) 

Trc  =  CR  ■  xTR  =  { cRij  ■  tRij }  (4) 

Figure  7  shows  comparison  of  image  intensity  of  a  uniform  target  of  the  wooden 
board  before  and  after  uniformity  calibration.  After  the  calibration,  the  light  intensity 
distribution  on  the  homogeneous  target  is  more  uniform  than  that  without  calibration. 

Figure  8  illustrates  an  example  of  a  panel  target  before  and  after  applying  the  calibra¬ 
tion  procedure.  Before  the  calibration,  the  lidar  detected  more  energy  from  the  second 
row  targets,  while  after  calibration  the  left  bottom  target  reflected  more  energy.  After 
the  laser  beam  uniformity  calibration,  the  target  reflectivity  can  be  examined  with 
more  reliability. 

3.3  Depolarization  ratio  and  reflectivity 

The  depolarization  ratio  (5)  of  targets  were  calculated  after  relative  system  calibra¬ 
tion,  i.e.: 

s  =  %  (5> 

where  I±  and  / y  are  the  perpendicular  energy  and  parallel  energy  received  with  respect 
to  the  incident  laser  polarization,  respectively. 

The  camera  records  image  of  matrix  size  1024  x  256.  However,  it  was  found  that 
signals  of  the  middle  pixels  are  the  most  reliable  to  use.  During  the  measurements, 
the  camera  system  was  set  up  recording  the  signals  of  column  from  167  to  857, 
resulting  in  a  matrix  size  691  x  256,  as  shown  in  Figure  9. 

The  panel  matrix  is  composed  of  number  of  submatrices  representing  the  subtargets. 
The  submatrix  corresponding  to  each  subtarget  and  its  location  in  the  panel  needs  to 
be  specified  before  the  depolarization  ratio  can  be  calculated.  This  part  of  the  work 
was  done  by  examination  of  the  Andor  image  (as  shown  in  Figure  9). 
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Since  the  image  pixel  number  corresponding  to  the  s  and  p  components  may  not  be 
the  same,  the  energy  of  a  unit  pixel  cell  was  used  to  calculate  the  depolarization  ratio 
of  each  target.  For  example,  for  subtarget  /;;.  its  depolarization  ratio  is: 


5.= 


(6) 


where  i  =  =  h,-,foP  =  with  1  <  i,l  <  691, 

1  <  j,  p  <  256,  and  n*j_  and  n* y  are  the  total  pixel  number  covered  by  the  subtarget 
image  corresponding  to  the  s  and  p  components,  respectively. 


For  convenience,  relative  reflectivity  will  be  used,  i.e.  the  ratio  energy  received  from 
target  k  to  that  from  target  of  white  Spectralon.  Thus,  the  relative  reflectivity  is  the 
reflectivity  relative  to  the  white  Spectralon  at  each  incident  angle: 


Ifoot) 

Ir(tot) 


Ij±(tot)  ,  h  II  (fob 
ra»±  in  || 

Ir±(tQt)  ,  Ir  ||  fl0*) 

Tlrj_ 


(7) 


where  Ifoot )  is  the  unit  pixel  cell  total  energy  received  from  the  reference  target  r 
(white  Spectralon),  and  I  .foot )  is  the  unit  pixel  cell  total  energy  received  from  the 
subtarget  i. 

3.4  Target  acquisition 

Multi-target  boards  were  set  up  at  four  different  angles  (0  ° ,  15  ,  30  :  ,  45  ° ).  Then, 
five  polarized  states  (linear  vertical,  linear  horizontal,  circular  left  and  circular  right 
and  Retarders'  Special )  were  used.  Since  the  depolarization  results  are  based  on  the 
average  counts,  five  images  were  acquired  for  each  polarization  state  limiting  the 
measuring  noise.  Therefore,  twenty-five  images  were  acquired  at  each  angle  and  one 
hundred  images  were  used  for  one  set.  Due  to  the  small  laser  beam,  the  multi-target 
was  then  turned  upside  down  so  the  second  half  of  the  target  could  be  measured. 

Figure  10  shows  the  position  of  each  retarder  during  a  measurement  set. 

The  acquisition  procedure  can  be  summarized  as  follows: 

1.  Install  the  wood  panel  with  the  subtargets  to  be  measured; 

2.  Set  the  angle; 

3.  Acquire  five  images  illuminated  with  vertical  linear  polarized  light  source; 


DRDC  Valcartier  TR  2008-394 


13 


4.  Acquire  five  images  illuminated  with  horizontal  linear  polarized  light  source; 

5.  Acquire  five  images  illuminated  with  circular  left  polarized  light  source; 

6.  Acquire  five  images  illuminated  with  circular  right  polarized  light  source; 

7.  Acquire  five  images  illuminated  with  Retarders  ’  Special  montage; 

8.  Set  another  angle. 

3.5  Calibration  acquisition 

In  order  to  illuminate  the  top  half  of  the  target,  the  laser  divergence  was  increased. 
This  produced  a  non-uniform  illumination  (Gaussian-type)  over  the  target.  To  com¬ 
pensate  this  effect,  the  return  signal  was  measured  previously  without  the  target  in 
place.  A  black  wooden  board  acted  as  a  uniform  target.  As  with  the  target  acquisi¬ 
tion  process,  five  images  were  acquired  for  each  polarization  state  and  incident  angle. 
This  calibration  is  possible  if  one  suppose  the  backscattered  signals  from  the  bare 
board  to  be  the  same  as  the  multi-target  board. 

The  calibration  procedure  was  carried  out  every  two  targets  since  the  laser  beam 
signal  drifted  with  time. 
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Symmetrical  image 
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(a)  Before  calibration 

Symmetrical  image  corrected  for  the  flat-field  and  the  attenuators 
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(b)  After  calibration 

Figure  7:  Comparison  of  image  intensity  of  a  uniform  target  7(a)  before  and  7(b) 
after  laser  beam  uniformity  calibration. 
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(a)  Before  calibration 

Symmetncal  image  corrected  for  the  flat-field  and  the  attenuators 
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(b)  After  calibration 

Figure  8:  Comparison  of  images  of  a  panel  with  subtargets  8(a)  before  and  8(b)  after 
laser  beam  uniformity  calibration. 
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(e)  Retarders  'Special 


(a)  Linear  Vertical 


(b)  Linear  Horizontal 


(c)  Circular  Left 


(d)  Circular  Right 


Figure  10:  Position  of  the  retarder  for  each  polarization  state 
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4  Acquisition  of  polarimetric  signatures 
from  solid  targets 


Different  materials  were  used  as  solid  targets;  they  are  categorized  as  insulations, 
woods,  metals,  sand  papers,  concrete,  grasses,  wet/dry  sands,  composite  plastics, 
and  environmental  targets.  These  solid  targets  will  be  analyzed  and  discussed  one  by 
one  wrt  their  category. 

The  targets  were  installed  on  two  wooden  boards.  The  backward  is  measuring  20" 
x  40".  At  its  top  were  installed  two  Spectralons:  a  black  one  and  a  white  one.  On 
the  right  side,  there  was  a  black  painted  spot.  All  these  three  squares  were  used  as 
references.  The  forward  wood  panel  is  measuring  20"  x  32"  with  subtargets  measuring 
4"  x  4".  The  wood  panel  was  painted  in  black  to  reduce  the  reflection. 

The  multi-target  boards  were  divided  into  eight  different  groups: 

1.  Insulations 

2.  Woods 

3.  Metals 

4.  Environments 

5.  Sand  papers 

6.  Composite  plastics 

7.  Bottles 

8.  Sands 

For  the  convenience  of  comparison,  the  first  three  targets  within  a  board  were  always 
located  at  the  top  of  each  panel. 

4.1  Insulation  targets  on  panel  1 

The  first  multi-target  board  was  mainly  composed  of  Styrofoam  M.  Figure  11  illustrates 
the  board  and  Table  1  presents  the  different  insulation  materials  and  position  of  the 
center  of  panel  1. 

4.1.1  Depolarization  ratio 

Figure  12  illustrates  the  influence  of  incident  angle  on  the  depolarization  ratio.  Table 
2  presents  the  depolarization  ratios  analysis  results  of  insulation  targets  on  panel 
1.  It  is  found  that  circular  polarization  ratio  5C  is  about  twice  the  value  of  linear 
polarization  ratio  5l  for  almost  all  insulation  targets  (Figure  12). 
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Table  1:  Insula  tion  targets  and  position  of  the  center 


No 

On  the  list 

English  Name 

Cei 

x  (cm) 

iter 
y  (cm) 

1 

Vive 

Empty 

2 

Spectralon  blanc 

White  spectralon 

25.4 

6.75 

3 

Spectralon  noir 

Black  spectralon 

44.45 

6.75 

4 

Styrofoam  bleu 

Blue  extruded  polystyrene  (Sty¬ 
rofoam1  M) 

10 

-6.5 

5 

Styrofoam  Rose 

Pink  extruded  polystyrene  (Sty¬ 
rofoam™) 

26 

-6.5 

6 

Styrofoam  blanc 

White  extruded  polystyrene  (Sty¬ 
rofoam1  M) 

41.5 

-6.5 

7 

Mousse  a,  l’urethane 

Polyurethane  foam  insulation 

10 

-22 

8 

Styro-mousse  blanc 

White  Styrofoam ,M 

26 

-22 

9 

Styro-mousse:  noir 

Black  Styrofoam™ 

41.5 

-22 

10 

Reflectik™ 

Reflectik™ 

10 

-37.5 

11 

Styro-mousse  noir  leger 

Black  light  Styrofoam™ 

26 

-37.5 

12 

Styro-mousse  beige 

Brown  Styrofoam™ 

41.5 

-37.5 

13 

Mini  bull  transparent o 

Transparent  mini-bubble 

10 

-54.5 

14 

Laine  anti-feu 

Fireproof  wool 

26 

-54.5 

15 

Laine  rose  horizontal 

Horizontal  mineral  wool 

41.5 

-54.5 

Based  on  Table  2,  and  Figure  12(a),  it  is  found  that  target  12  ( brown  Styrofoam) 
showed  the  largest  linear  depolarization  ratio  of  value  about  0.6  at  any  incident 
angles.  The  other  insulation  targets  showed  comparative  values  to  target  2  ( white 
Spectralon ),  with  linear  depolarization  ratios  between  0.3  and  0.5.  Exceptions  are 
targets  9  and  11  ( black  Styrofoam  and  black  light  Styrofoam)  which  showed  smaller 
linear  depolarization  ratios  than  the  others. 

Incident  angle  showed  largest  influence  on  target  13  ( transparant  mini-bubble):  there 
was  almost  no  depolarization  at  angle  0  ° ,  but  the  linear  depolarization  ratio  almost 
doubled  every  15  5  increase  from  0  °  to  30  ° .  It  is  also  found  that  depolarization  ratios 
of  insulation  tragets  increase  with  incident  angle,  with  a  few  exceptions.  Fost  most 
insulation  targets,  the  increase  of  depolarization  ratio  with  incident  angle  mainly 
showed  up  when  incident  angle  was  small.  The  larger  the  incidence  angle,  the  less 
change  or  even  opposite  change  to  the  depolarization  ratio.  Targets  9  ( black  Sty¬ 
rofoam)  and  11  ( black  light  Styrofoam)  showed  very  close  depolarization  properties: 
they  are  both  Styrofoam  with  dark  colors. 

The  change  of  circular  depolarization  ratio  incident  angle  showed  similar  trends  as 
linear  ones.  However,  it  is  the  circular  depolarization  ratio  of  target  10  (rflectik) 
rather  than  target  12  ( brown  Styrofoam)  as  for  the  linear  depolarization  ratio  that 
showed  the  largest  value  among  all  other  insulation  targets.  Indeed,  the  ratio  fj-  of 
target  10  ( reflectik )  has  a  value  of  3  rather  than  2  for  the  other  targets.  Both  linear 
and  circular  depolarization  ratios  of  target  3  ( black  Spectralon)  increased  significantly 
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Table  2:  Depolariza  tion  ratios  of  insula  tion  targets  of  panel  1 


Target  rl 

0 

<5 

15° 

Dq 

L 

30 

Dolarizc 

45° 

ition  rf 

0; 

ttio 

15° 

c 

30° 

45° 

1 

0.10 

0.12 

0.14 

0.16 

0.27 

0.32 

0.36 

0.43 

2 

0.44 

0.51 

0.47 

0.50 

1.27 

1.49 

1.43 

1.58 

3 

0.17 

0.31 

0.24 

0.24 

0.40 

0.73 

0.59 

0.68 

4 

0.41 

0.46 

0.53 

0.58 

0.73 

0.83 

0.91 

1.07 

5 

0.23 

0.26 

0.36 

0.41 

0.36 

0.44 

0.65 

0.82 

6 

0.59 

0.46 

0.48 

0.54 

0.88 

0.70 

0.73 

0.91 

7 

0.30 

0.37 

0.36 

0.32 

0.49 

0.62 

0.61 

0.61 

8 

0.35 

0.36 

0.43 

0.45 

0.56 

0.59 

0.67 

0.69 

9 

0.22 

0.24 

0.21 

0.22 

0.51 

0.60 

0.48 

0.59 

10 

0.37 

0.47 

0.49 

0.42 

1.03 

1.45 

1.63 

1.43 

11 

0.19 

0.27 

0.26 

0.20 

0.41 

0.56 

0.54 

0.48 

12 

0.61 

0.68 

0.63 

0.60 

0.83 

1.04 

1.03 

0.97 

13 

0.07 

0.17 

0.31 

0.37 

0.46 

0.74 

0.96 

0.93 

14 

0.30 

0.30 

0.31 

0.33 

0.64 

0.65 

0.67 

0.71 

15 

0.32 

0.32 

0.43 

0.42 

0.62 

0.61 

0.79 

0.75 

with  incident  angle. 

4.1.2  Relative  reflectivity 

Table  3  shows  analysis  results  of  relative  reflectivity  of  insulation  targets  on  panel  1. 

Figure  13  is  the  corresponding  chart  showing  influence  of  incident  angle  on  relative 
reflectivity  of  insulation  targets.  Relative  reflectivity  of  targets  9  ( black  Styrofoam ) 
and  11  ( black  light  Styrofoam )  are  close  to  each  other,  and  remained  the  smallest 
among  all  the  insulation  materials  being  examined  in  this  research.  Moreover,  they 
are  very  close  to  the  reference  target  of  black  Spectralon.  Relative  reflectivity  of 
most  insulation  targets  decreased  with  incident  angle,  with  the  exception  of  target  10 
( reflectik )  whose  relative  reflectivity  increased  dramatically  from  0  °  to  15°.  When 
the  incident  angle  further  increased,  the  relative  reflectivity  of  target  10  followed  the 
same  trend  as  the  other  insulation  targets,  and  decreased  with  the  incident  angle. 
Based  on  figure  13,  the  reflectivity  sequence  of  targets  in  panel  1  in  decrease  order  is: 
10— >6— >4— >12— >5— >2— >8— >7— >15— >14— >13— >9— >11— >3— >1.  This 
expresses  the  fact  that  the  lighter  the  color  of  the  insulation  target,  the  more  energy 
is  being  reflected. 

When  relative  reflectivities  are  related  to  their  corresponding  depolarization  ratios,  it 
is  found  that  insulation  targets  having  higher  reflectivity  usually  shows  higher  relative 
depolarization  too,  and  vice  versa  (Figure  14).  The  depolarization  ratios  at  larger 
incident  angles  appeared  to  follow  more  the  trend  than  at  smaller  incident  angles. 
Figure  14  also  indicates  that  the  depolarization  ratios  at  higher  incident  angles  are 
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Table  3:  Rela  tive  reflectivity  of  targets  of  panel  1 


Target  # 

0 

<5 

15° 

Re 

L 

30° 

lative  r 

45° 

eflectiv 

0” 

ity 

15° 

c 

30° 

45° 

1 

0.08 

0.07 

0.06 

0.06 

0.09 

0.08 

0.07 

0.07 

2 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

3 

0.11 

0.10 

0.06 

0.07 

0.11 

0.09 

0.06 

0.08 

4 

2.17 

1.92 

1.51 

1.15 

1.68 

1.33 

1.15 

1.25 

5 

1.69 

1.29 

1.01 

0.75 

1.45 

1.02 

0.78 

0.92 

6 

2.56 

2.25 

2.00 

1.81 

1.94 

1.60 

1.31 

1.77 

7 

0.98 

0.81 

0.70 

0.76 

0.74 

0.54 

0.62 

0.77 

8 

1.03 

1.02 

0.76 

0.86 

0.81 

0.65 

0.63 

0.86 

9 

0.24 

0.25 

0.22 

0.24 

0.20 

0.19 

0.18 

0.28 

10 

1.09 

2.85 

2.07 

1.90 

1.84 

2.29 

2.19 

2.05 

11 

0.19 

0.19 

0.16 

0.24 

0.20 

0.14 

0.17 

0.22 

12 

2.09 

1.92 

1.35 

1.63 

1.10 

1.12 

1.18 

1.53 

13 

0.59 

0.41 

0.22 

0.26 

1.14 

0.43 

0.25 

0.30 

14 

0.66 

0.53 

0.44 

0.50 

0.59 

0.45 

0.44 

0.53 

15 

0.78 

0.81 

0.61 

0.64 

0.72 

0.59 

0.55 

0.62 

usually  larger  than  those  at  smaller  angles.  However,  the  depolarization  ratio  is  not 
truly  function  of  the  reflectivity  since  insulation  targets  with  the  highest  reflectivity 
do  not  necessary  have  the  largest  depolarization  ratio.  Therefore,  the  depolarization 
ratio  should  be  related  to  other  properties  of  the  targets. 
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Figure  11:  Layout  of  insulation  targets 
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(a)  Linear  depolarization  ratio  (6l) 


□ 

T1-1 

□ 

T1-2 

□ 

T1-3 

□ 

T1-4 

■ 

T1-5 

□ 

T1-6 

□ 

T1-7 

□ 

T1-8 

■ 

T1-9 

□ 

T1-10 

□ 

T1-11 

□ 

T1-12 

■ 

T1-13 

■ 

T1-14 

□ 

T1-15 

(b)  Circular  depolarization  ratio  (Sc) 

Figure  12:  Depolarization  ratio  change  with  incident  angle  for  insulation  targets. 
12(a)  linear  depolarization  ratio,  and  12(h)  circular  depolarization  ratio. 
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“♦ —  T1-1 
*  T1-2 

■*-  T1-3 
T1-4 
T1  -5 
T1-6 
H  T1-7 

- T1  -8 

T1-9 

T1-10 

T1-11 

T1-12 

T1-13 

T1-14 

T1-15 


(b)  Circular  relative  reflectivity 


Figure  13:  Relative  reflectivity  change  with  incident  angle  for  insulation  targets. 
13(a)  linear  relative  reflectivity,  and  13(h)  circular  relative  reflectivity. 
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Figure  14:  Relationship 
targets. 


between 


depolarization  ratio  and 


reflectivity  of  insulation 
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4.2  Wood  targets 

The  materials  of  applied  wood  targets  are  listed  in  Table  4.  The  arrangement  of  the 
targets  is  shown  in  Figure  15. 

The  following  subsections  present  the  depolarization  ratios  and  relative  reflectivity 
analysis  results  following  measurements  conducted  on  these  wood  targets. 


Table  4:  Wood  targets  and  position  of  the  center 


No 

On  the  list 

English  Name 

Center  ] 
x  (cm) 

Position 
y  (cm) 

1 

Vide 

Empty 

2 

Spectralon  blanc 

White  spectralon 

25.4 

6.75 

3 

Spectralon  noir 

Black  spectralon 

44.45 

6.75 

4 

Pins 

Pine 

10 

-6.5 

5 

Epinette 

Spruce 

26 

-6.5 

6 

Merisier 

Cherry  birch 

41.5 

-6.5 

7 

Chene 

oak 

10 

-22 

8 

Contreplaque  horizontal 

Horizontal  plywood 

26 

-22 

9 

Contreplaque  vertical 

Vertical  plywood 

41.5 

-22 

10 

OSB 

Oriented  strand  board 

10 

-37.5 

11 

"Ripe  presse"  standard 

Rip  board 

26 

-37.5 

12 

Cedre 

Cedar 

41.5 

-37.5 

13 

Papier  noir 

Black  paper 

10 

-54.5 

14 

Bardeaux  d’asphalte 

Asphalt  shingles 

26 

-54.5 

15 

Vide 

Empty 

41.5 

54.5 

4.2.1  Depolarization  ratio 

The  corresponding  analysis  results  of  depolarization  ratios  and  their  change  with 
incident  angle  are  shown  in  Table  5  and  illustrated  in  Figure  16. 

It  is  found  that  these  targets  can  be  grouped  into  three  categories  based  on  the 
depolarization  ratios  and  wrt  their  with  incident  angle.  One  is  {4,  5,  9, 10, 11}  with 
depolarization  ratio  around  0.345.  The  second  group  is  {6,8}  which  showed  fast 
increase  rate  from  0  °  to  15  ° ,  then  remained  value  around  0.45.  The  third  group  is 
{7, 12, 14}  with  depolarization  ratio  of  about  0.25.  The  last  one  with  the  smallest 
depolarization  is  target  13  ( black  paper). 

Figure  16  illustrates  that  all  targets  have  smaller  depolarization  ratios  than  target  2 
( white  Spectralon) .  Indeed,  the  depolarization  ratios  of  most  wood  targets  increased 
with  incident  angle,  no  matter  if  it  is  linear  or  circular  one.  However,  there  is  an 
exception  with  target  9  ( vertical  plywood )  as  its  depolarization  decreased  with  the 
incident  angle  when  the  later  one  is  greater  than  15  .  A  reason  for  this  might  be 
caused  by  some  measurement  noise  induced.  Note  that  most  circular  depolarization 
ratios  are  2.5  ~  3.5  times  the  value  of  linear  ones. 
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Table  5:  Depolarization  ra  tios  of  wood  targets 


Target  # 

0 

<5 

15° 

Dq 

L 

30 

Dolarizc 

45° 

il  ion  rf 

0° 

ttio 

15° 

c 

30° 

45° 

1 

0.09 

0.12 

0.14 

0.18 

0.24 

0.30 

0.36 

0.43 

2 

0.46 

0.50 

0.50 

0.47 

1.34 

1.47 

1.46 

1.52 

3 

0.19 

0.20 

0.22 

0.25 

0.42 

0.47 

0.55 

0.65 

4 

0.33 

0.35 

0.38 

0.37 

1.07 

1.13 

1.26 

1.24 

5 

0.32 

0.30 

0.32 

0.33 

1.09 

1.04 

1.17 

1.26 

6 

0.28 

0.42 

0.42 

0.45 

1.05 

1.42 

1.38 

1.53 

7 

0.22 

0.28 

0.30 

0.29 

0.99 

1.15 

1.18 

1.16 

8 

0.33 

0.42 

0.47 

0.41 

1.25 

1.47 

1.50 

1.44 

9 

0.36 

0.39 

0.35 

0.31 

1.35 

1.34 

1.33 

1.19 

10 

0.32 

0.31 

0.36 

0.34 

1.08 

1.07 

1.21 

1.24 

11 

0.35 

0.35 

0.38 

0.36 

0.97 

0.99 

1.14 

1.24 

12 

0.21 

0.24 

0.23 

0.25 

0.78 

0.93 

0.98 

1.08 

13 

0.07 

0.10 

0.15 

0.19 

0.18 

0.26 

0.41 

0.49 

14 

0.25 

0.25 

0.27 

0.25 

0.67 

0.70 

0.77 

0.75 

15 

0.07 

0.10 

0.12 

0.14 

0.18 

0.25 

0.29 

0.36 

4.2.2  Relative  reflectivity 

Reflectivity  of  each  target  was  examined  relative  to  the  reflectivity  of  white  Spec- 
tralon.  Figure  17  compares  the  relative  linear  and  circular  reflectivity  of  wood  targets. 
Detailed  analysis  results  is  presented  in  table  6. 

Unlike  the  panel  1  (insulation)  targets  that  showed  relative  reflectivity  values  de¬ 
creased  with  the  incident  angle,  most  panel  2  (wood)  targets  showed  linear  relative 
reflectivity  increasing  with  the  incident  angle.  Exception  is  target  10  ( oriented  strand 
board)  whose  relative  reflectivity  decreased  by  half  value  from  0  °  to  15  ° .  The  rela¬ 
tionship  between  relative  circular  reflectivity  and  the  incident  angle  is  not  obvious. 
Indeed,  some  results  showed  initially  very  large  reflectivity,  then  dropped  sharply 
afterward.  This  might  be  due  to  the  imperfect  laser  beam  uniformity  calibration, 
resulting  in  overcalibrated  signals.  Moreover,  when  the  incident  angle  was  small,  the 
energy  received  from  circulated  polarized  light  is  usually  at  least  twice  more  than 
those  from  linear  polarized  light.  However,  they  are  getting  closer  to  each  other  when 
incident  angle  increased. 

No  wood  targets  has  reflectivity  greater  than  white  Spectralon.  Amid  all  the  wood 
targets,  target  13  ( black  paper)  and  target  15  (empty)  showed  smallest  reflectivity 
because  both  of  them  are  black,  followed  by  target  14  ( asphalt  shingles)  whose  also 
of  dark  color. 

Surprisingly,  target  6  ( cherry  birch)  and  target  9  ( vertical  plywood)  showed  very  small 
reflectivity  at  0  °  and  15  °  incident  angles  when  incident  light  is  linearly  polarized, 
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Table  6:  Relative  reflectivity  results  of  wood  targets 


Target  # 

0° 

<5 

15° 

Re 

L 

30° 

lative  r 

45° 

eflectiv 

0». 

ity 

15° 

c 

30° 

45° 

1 

0.05 

0.04 

0.04 

0.04 

0.06 

0.05 

0.04 

0.04 

2 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

3 

0.07 

0.06 

0.05 

0.06 

0.08 

0.05 

0.04 

0.06 

4 

0.27 

0.34 

0.39 

0.47 

0.45 

0.47 

0.32 

0.32 

5 

0.24 

0.47 

0.42 

0.51 

0.52 

0.85 

0.38 

0.43 

6 

0.03 

0.07 

0.38 

0.36 

0.07 

0.21 

0.33 

0.28 

7 

0.30 

0.42 

0.35 

0.47 

0.60 

0.68 

0.32 

0.36 

8 

0.18 

0.25 

0.43 

0.48 

0.42 

0.64 

0.35 

0.36 

9 

0.03 

0.04 

0.37 

0.52 

0.05 

0.14 

0.42 

0.45 

10 

0.43 

0.21 

0.22 

0.27 

0.35 

0.27 

0.27 

0.30 

11 

0.21 

0.19 

0.17 

0.18 

0.26 

0.24 

0.19 

0.16 

12 

0.21 

0.19 

0.19 

0.24 

0.32 

0.25 

0.22 

0.22 

13 

0.05 

0.02 

0.02 

0.02 

0.06 

0.03 

0.02 

0.02 

14 

0.25 

0.06 

0.07 

0.09 

0.07 

0.07 

0.08 

0.09 

15 

0.03 

0.03 

0.03 

0.04 

0.04 

0.04 

0.03 

0.03 

compared  with  other  wood  targets  in  light  color.  Nevertheless,  when  incident  angle 
increased  from  30  °  to  45  ° ,  they  caugh  up  with  other  targets  in  similar  light  color. 
When  the  cirular  polarized  light  was  used,  similar  results  showed  up  except  that 
reflectivity  of  target  6  ( cherry  birch)  and  target  9  ( vertical  plywood )  are  more  clear 
from  0  °  to  15  4 

The  depolarization  ratio  increased  faintly  with  reflectivity.  However,  the  trend  is  not 
as  clear  as  for  panel  1  (insulation)  targets,  especially  for  those  targets  with  smallest 
reflectivity  but  relatively  largest  depolarization,  as  shown  in  Figure  18.  Still,  for  most 
wood  targets,  the  depolarization  ratio  at  larger  incident  angle  is  greater  than  that  of 
smaller  incident  angle. 
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Figure  15:  Loyaout  of  wood  targets 
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(a)  Linear  depolarization  ratio  (6l) 
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T2-15 

(b)  Circular  depolarization  ratio  (Sc) 

Figure  16:  Depolarization  ra  tios  of  wood  targets  and  their  change  with  incident  angle. 
16(a)  linear  depolarization  ratio,  and  16(b)  circular  depolarization  ratio. 
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Figure  17:  Relative  17(a)  linear  reflectivity,  and  17(b)  circular  reflectivity  of  wood 
targets. 
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Figure  18:  Relationship  between  depolariza  tion  ratio  and  reflectivity  of  wood  targets. 
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4.3  Metallic  targets 

Numerous  metallic  targets  were  glued  on  a  black  board  as  shown  in  Figure  19.  The 
description  of  each  metallic  target  is  described  in  Table  7. 


Table  7:  Metallic  targets  and  position  of  the  center 


No 

On  the  list 

English  Name 

Center  1 
x  (cm) 

Position 
y  (cm) 

1 

Vide 

Empty 

2 

Spectralon  blanc 

White  spectralon 

25.4 

6.75 

3 

Spectralon  noir 

Black  spectralon 

44.45 

6.75 

4 

Stainless  vertical 

Vertical  stainless  steel 

10 

-6.5 

5 

Stainless  horizontal 

Horizontal  stainless  steel 

26 

-6.5 

6 

Acier  vert  foret 

Green  forest  steel 

41 

-6.5 

7 

Cuivre 

Copper 

10 

-22 

8 

Acier  galvanise 

Galvanized  steel 

26 

-22 

9 

Acier  vert  pale 

Light  green  steel 

41.5 

-22 

10 

Laiton 

Brass 

10 

-37.5 

11 

Aluminium 

Aluminum 

26 

-37.5 

12 

Acier  "sand  blast  e" 

Sandblasted  steel 

41.5 

-37.5 

13 

Acier  naturel 

Natural  steel 

10 

-54.5 

14 

Batterie  6  volts  DuracelllM 

6-volts  batteries  (Duracell™) 

26 

-54.5 

15 

Laine  d’acier 

Steel  wool 

41.5 

-54.5 

The  following  subsections  present  the  depolarization  ratios  and  relative  reflectivity 
analysis  results  following  measurements  conducted  on  these  metallic  targets. 

4.3.1  Depolarization  ratio 

Figure  20  illustrates  the  depolarization  ratios  change  of  these  metallic  targets  with 
incident  angle.  Depolarization  ratios  increased  with  the  incident  angle  approximately 
linearly  for  most  of  the  metallic  targets.  As  it  was  the  case  with  targets  of  panel  2 
(wood),  metallic  targets  in  panel  3  can  be  categorized  into  two  groups:  {6,  9}  and  {4, 
5,  7,  8,  10,  11,  12,  13,  14,  15}.  Target  6  (green  forest  steel )  and  target  9  ( light  green 
steel )  showed  depolarization  ratios  twice  as  large  as  for  the  other  metallic  targets.  For 
all  these  targets,  the  depolarization  ratios  at  incident  angle  0  °  are  very  smaller.  There 
were  some  raise  of  depolarization  ratios  as  incident  angle  increase,  but  most  of  them 
are  still  lower  than  0.15  with  the  exception  of  target  6  (green  forest  steel)  and  target 
9  (light  green  steel)  which  are  both  colored  in  green.  Note  that  the  depolarization 
ratios  of  metallic  targets  are  even  smaller  than  target  3  (black  Spectralon) ,  and  that 
circular  depolarization  ratios  are  usually  2.5  ~  3.0  times  of  the  linear  ones. 

Analysis  results  of  depolarization  ratios  for  metallic  targets  are  shown  in  Table  8. 
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Table  8:  Depolarization  ratio  of  metallic  targets 


Target  rl 

0° 

<5 

15° 

Dq 

L 

30° 

Dolarizc 

45° 

ition  rf 

0* 

ttio 

15° 

c 

30° 

45° 

1 

0.05 

0.08 

0.09 

0.12 

0.16 

0.20 

0.28 

0.31 

2 

0.42 

0.51 

0.50 

0.48 

1.11 

1.47 

1.52 

1.52 

3 

0.09 

0.14 

0.20 

0.25 

0.18 

0.32 

0.50 

0.76 

4 

0.02 

0.04 

0.04 

0.07 

0.07 

0.11 

0.17 

0.35 

5 

0.01 

0.05 

0.10 

0.16 

0.06 

0.19 

0.27 

0.41 

6 

0.07 

0.19 

0.33 

0.32 

0.19 

0.51 

1.04 

1.10 

7 

0.02 

0.07 

0.09 

0.13 

0.06 

0.18 

0.24 

0.36 

8 

0.01 

0.03 

0.11 

0.14 

0.04 

0.09 

0.29 

0.42 

9 

0.06 

0.23 

0.28 

0.37 

0.15 

0.66 

0.86 

1.30 

10 

0.01 

0.03 

0.07 

0.11 

0.04 

0.12 

0.21 

0.33 

11 

0.01 

0.03 

0.08 

0.10 

0.04 

0.11 

0.20 

0.32 

12 

0.03 

0.04 

0.11 

0.13 

0.06 

0.13 

0.26 

0.39 

13 

0.01 

0.02 

0.06 

0.09 

0.05 

0.08 

0.15 

0.26 

14 

0.01 

0.04 

0.09 

0.12 

0.04 

0.12 

0.24 

0.32 

15 

0.06 

0.07 

0.10 

0.14 

0.13 

0.20 

0.23 

0.31 

4.3.2  Relative  reflectivity 

Figure  21  illustrates  the  relative  reflectivity  values  of  different  metallic  targets  while 
Table  9  describes  the  analysis  results.  The  Reflectivity  of  metallic  targets  greatly 
decreased  when  incident  angle  changed  from  0  °  to  15  ° .  The  highest  the  reflectivity, 
the  more  abrupt  the  change  of  reflectivity.  When  incident  angle  further  increased, 
the  reflectivity  decreased  but  with  small  decreased  rates.  This  is  illustrated  by  tar¬ 
gets  7  (copper),  8  (galvanized  steel),  10  (brass),  and  11  (aluminum) .  The  influence 
of  the  incident  angle  to  less  reflective  metallic  targets  is  very  small:  their  reflectivity 
remained  mostly  unchanged  as  it  is  the  case  for  target  1  (empty)  and  target  3  (black 
Spectralon)  when  the  incident  angle  increased.  Note  that  similarly  to  the  wood  tar¬ 
gets,  circular  reflectivity  at  0  °  incident  angle  was  about  twice  the  value  of  the  one 
from  linear  reflectivity;  the  difference  decreased  as  the  incident  angle  increased. 

Metals  are  special  targets  that  hardly  relates  depolarization  ratio  and  reflectivity. 
Based  on  the  results  at  incident  angle  0  ° ,  it  seems  tjat  the  depolarization  ratios 
of  metallic  targets  decreased  slightly  with  the  targets’  reflectivity.  Generally,  the 
change  is  so  small  that  the  reflectivity  has  little  influence  on  the  depolarization  ratio, 
as  shown  in  Figure  22.  For  most  metallic  targets,  depolarization  ratio  increased  with 
the  incident  angle. 
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Table  9:  Rela  tive  reflectivity  results  of  metallic  targets 


Target  # 

0° 

<5 

15° 

Rc 

L 

30 

dative  i 

45° 

reflectivi 

0° 

■ty 

5c 

15° 

30 

45° 

1 

0.07 

0.07 

0.09 

0.07 

0.11 

0.10 

0.09 

0.07 

2 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

3 

0.08 

0.05 

0.10 

0.07 

0.11 

0.06 

0.10 

0.07 

4 

0.29 

0.26 

0.25 

0.17 

0.54 

0.30 

0.27 

0.18 

5 

0.99 

0.14 

0.11 

0.08 

1.77 

0.17 

0.10 

0.07 

6 

0.42 

0.32 

0.25 

0.19 

0.69 

0.33 

0.22 

0.17 

7 

1.24 

0.43 

0.39 

0.33 

2.15 

0.46 

0.36 

0.27 

8 

8.29 

0.97 

0.36 

0.27 

14.08 

1.12 

0.37 

0.23 

9 

0.92 

0.73 

0.70 

0.91 

1.51 

0.79 

0.67 

0.66 

10 

4.56 

0.35 

0.15 

0.09 

7.24 

0.41 

0.16 

0.08 

11 

3.02 

0.19 

0.10 

0.08 

5.27 

0.22 

0.11 

0.08 

12 

1.82 

1.18 

0.36 

0.27 

2.46 

0.72 

0.39 

0.23 

13 

0.86 

0.17 

0.08 

0.04 

1.30 

0.18 

0.08 

0.08 

14 

0.77 

0.12 

0.06 

0.05 

1.17 

0.13 

0.07 

0.05 

15 

0.23 

0.17 

0.20 

0.17 

0.37 

0.21 

0.23 

0.17 
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Figure  19:  Layout  of  metallic  targets 
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(b)  Circular  depolarization  ratio  (6c) 

Figure  20:  Depolarization  ratios  of  metallic  targets  and  their  changes  with  incident 
angle. 
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(a)  Relative  linear  reflectivity 
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(b)  Relative  circular  reflectivity 


Figure  21 :  Relative  21  (a)  linear  reflectivities,  and  21(b)  circular  reflectivity  of  metallic 
targets  and  their  changes  with  incident  angle 
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K> 


Figure  22:  Relationship  between  depolarization  ratio  and  reflectivity  of  metallic  tar¬ 
gets 
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4.4  Environmental  targets 

Environmental  targets  consist  of  cans  and  different  pieces  of  plastic  and  glass  bottles. 
Figure  23  shows  some  of  these  enviromental  targets  that  were  measured  and  Table 
10  enumerates  them. 


Table  10:  Environmental  targets  and  position  of  the  center 


No 

On  the  list 

English  Name 

Center  1 
x  (cm) 

Position 
y  (cm). 

1 

Vide 

Empty 

2 

Spectralon  blanc 

White  spectralon 

25.4 

6.75 

3 

Spectralon  noir 

Black  Spectralon 

44.45 

6.75 

4 

Cannette  de  cokelMecrasee 

Crushed  soda  can 

10 

-6.5 

5 

Cannette  de  coke™ronde 

Soda  can 

26 

-6.5 

6 

Polyestere 

Polyester 

41 

-6.5 

7 

Jute 

Jute 

10 

-22 

8 

Cotton  blanc 

White  cotton 

26 

-22 

9 

Chiffon  J™ 

Chiffon 

41.5 

-22 

10 

Bouteille  transparente  ronde 

Transp.  plastic  bottle 

10 

-37.5 

11 

Bouteille  transparente  ecrasee 

Crushed  transp.  plastic  bottle 

26 

-37.5 

12 

Bouteille  coloree 

Colored  plastic  bottle 

41.5 

-37.5 

The  following  subsections  present  the  depolarization  ratios  and  relative  reflectivity 
analysis  results  following  experiments  conducted  on  these  environmental  targets. 

4.4.1  Depolarization  ratio 

Depolarization  ratio  analysis  is  shown  in  Table  11  and  corresponding  trends  are  illus¬ 
trated  in  Figure  24.  Three  groups  can  be  formed  based  on  the  linear  depolarization 
ratios.  The  first  group  {4,  5,  6}  showed  small  depolarizations  of  value  around  0.2. 
The  second  group  {7,  9,  10,  11,  12}  has  depolairzations  in  the  middle  order,  with 
value  of  about  0.4.  The  last  group  is  target  8  ( cotton )  which  showed  the  largest 
depolarization  ratio  among  all  the  enviromental  targets,  whit  value  close  to  0.6.  The 
sequence  changes  a  little  when  using  circular  depolarizations.  In  this  situation,  target 
8  (cotton)  and  target  12  ( colored  plastic  bottle)  formed  the  third  group. 

Generally,  the  depolarization  ratios  of  most  enviromental  targets  slightly  increased 
with  incident  angle  from  0  °  to  30  ° ,  with  the  exception  of  target  5  ( soda  can)  and 
target  10  ( transparent  plastic  bottle).  Both  of  them  have  curved  surfaces  and  their 
depolarization  ratio  dramatically  increased  from  0  °  to  15  ° .  Afterward,  it  decreased 
with  greater  rate  when  incident  angle  changed  from  15  to  30°.  Target  3  ( black 
Spectralon)  also  showed  sharp  increase  when  incident  angle  increased  to  45  ° .  As 
this  last  result  did  not  occured  with  the  other  panels,  this  result  is  unanticipated.  A 
reason  for  this  might  be  unexpected  background  signals  due  to  a  slight  variation  of 
the  aerosols’  density  filling  up  the  chamber  during  the  measurements. 
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Table  11:  Depolarization  ratio  of  enviromental  targets 


Target  # 

0 

<5 

15° 

Dq 

L 

30° 

Dolarizc 

45° 

ition  rf 

0* 

ttio 

15° 

c 

30° 

45° 

1 

0.08 

0.14 

0.14 

0.21 

0.22 

0.34 

0.34 

0.47 

2 

0.56 

0.62 

0.55 

0.52 

1.57 

1.80 

1.65 

1.65 

3 

0.16 

0.19 

0.18 

0.47 

0.36 

0.45 

0.49 

1.41 

4 

0.15 

0.22 

0.19 

0.16 

0.33 

0.57 

0.56 

0.45 

5 

0.05 

0.26 

0.21 

0.21 

0.14 

0.82 

0.55 

0.54 

6 

0.15 

0.16 

0.17 

0.17 

0.37 

0.45 

0.45 

0.46 

7 

0.20 

0.42 

0.40 

0.56 

0.94 

1.08 

0.99 

1.24 

8 

0.62 

0.57 

0.58 

0.56 

1.29 

1.25 

1.30 

1.26 

9 

0.46 

0.39 

0.40 

0.44 

1.03 

0.91 

1.02 

1.23 

10 

0.37 

0.64 

0.44 

0.39 

0.51 

1.12 

0.94 

0.85 

11 

0.37 

0.43 

0.43 

0.70 

0.84 

1.06 

1.06 

1.19 

12 

0.37 

0.41 

0.40 

0.54 

1.23 

1.46 

1.36 

1.80 

13 

- 

- 

- 

- 

- 

- 

- 

- 

14 

0.17 

0.26 

0.12 

0.28 

0.44 

0.73 

0.30 

0.79 

4.4.2  Relative  reflectivity 

Figure  25  illustrates  the  reflectivity  of  each  environmental  target  and  their  change 
with  the  incident  angle.  Table  12  describes  the  analysis  results  of  enviromental  tar¬ 
gets.  Since  it  was  difficult  lo  locate  the  position  of  the  brown  beer  bottle  based  on 
the  Andor  image,  this  target  was  not  included  here. 


Table  12:  Relative  reflectivity  results  of  enviromental  targets 


Target  # 

0° 

S 

15° 

Re 

L 

30 

lative  r 

45° 

eflectiv 

0° 

ity 

(5, 

15° 

c 

30 

45° 

1 

0.07 

0.05 

0.05 

0.04 

0.06 

0.06 

0.05 

0.05 

2 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

3 

0.07 

0.07 

0.09 

0.14 

0.06 

0.06 

0.10 

0.08 

4 

0.20 

0.11 

0.10 

0.21 

0.16 

0.11 

0.11 

0.23 

5 

0.48 

0.11 

0.16 

0.21 

0.44 

0.12 

0.16 

0.22 

6 

0.03 

0.02 

0.05 

0.05 

0.03 

0.03 

0.05 

0.05 

7 

0.23 

0.16 

0.31 

0.28 

0.16 

0.13 

0.21 

0.34 

8 

0.55 

0.49 

0.60 

1.13 

0.53 

0.42 

0.61 

0.90 

9 

0.31 

0.24 

0.36 

0.49 

0.30 

0.24 

0.35 

0.60 

10 

0.28 

0.08 

0.23 

0.62 

0.21 

0.07 

0.19 

0.35 

11 

0.30 

0.12 

0.24 

0.33 

0.25 

0.12 

0.29 

0.25 

12 

0.19 

0.12 

0.24 

0.42 

0.17 

0.10 

0.30 

0.45 

13 

- 

- 

- 

- 

- 

- 

- 

- 

14 

0.20 

0.20 

0.44 

0.42 

0.21 

0.16 

0.49 

0.42 

Figure  25  shows  that  reflectivity  of  enviromental  targets  dropped  when  incident  an¬ 
gle  changed  from  0  °  to  15  ° ,  then  increased  with  the  incident  angle.  Some  initial 
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reflectivity  drops  are  dramatical  such  as  those  for  target  5  ( soda  can),  target  10 
( transparent  plastic  bottle ),  and  target  11  ( crushed  transparent  plastic  bottle).  From 
15  °  to  45  ° ,  the  reflectivity  linearly  increased  approximately  with  the  incident  angle 
for  most  enviromental  targets. 

Without  surprise,  target  6  ( polyester )  showed  smallest  reflectivity  because  of  its  dark 
color.  Target  4  ( crushed  can)  and  target  11  ( crushed  transparent  plastic  bottles) 
showed  comparative  reflectivities  to  their  corresponding  normal  ones  (i.e.  target  5  and 
target  10).  Target  8  ( white  cotton)  showed  much  higher  reflectivity  that  other  targets 
on  the  same  panel.  Moreover,  at  45  °  incident  angle,  target  8  showed  comparative 
reflectivity  to  target  2  ( white  Spectralon).  This  is  surely  due  to  its  white  color. 

The  result  analysis  also  demonstrated  that  white  targets  showed  reflectivity  among 
the  highest.  Consequently,  targets  with  dark  colors  showed  reflectivity  among  the 
lowest. 

Target  8  ( cotton )  showed  the  highest  reflectivity  and  the  largest  depolarization  ratio. 
Targets  4  ( crushed  soda  can),  5  ( soda  can),  and  6  ( polyester )  showed  relatively  low 
reflectivity,  and  their  depolarization  ratios  are  in  the  smallest  depolarization  group. 
Consequently,  a  conclusion  can  be  drawn  wrt  to  the  fact  that  the  depolarization  ratio 
increased  genenally  with  the  reflectivity  of  the  environemental  targets  (as  shown 
in  Figure  26).  This  also  implied  that  the  depolarization  ratio  is  function  of  the 
reflectivity  of  the  target,  as  well  as  of  other  target  properties  (e.g.  surface  roughness, 
etc.). 
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Figure  23:  Layout  of  environmental  targets 
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Figure  24:  Depolarization  ratios  of  environmental  targets  and  their  changes  with  inci¬ 
dent  angle. 
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(a)  Relative  linear  reflectivity 
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Figure  25:  Relative  25(a)  linear  reflectivity,  and  25(b)  circular  reflectivity  of  environ¬ 
mental  targets  and  their  changes  with  incident  angle 
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Figure  26:  Relationship  between  depolarization  ratio  and  reflectivity  of  environmental 
targets 
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4.5  Sand  paper  targets 

Different  grit  sand  papers  and  some  other  material  targets  were  glued  on  Panel  5  and 
examined  together.  The  description  for  these  targets  can  be  found  in  Table  13  and 
they  are  illustrated  in  Figure  28. 


Table  13:  Sand  papers  and  position  of  the  center 


No 

On  the  list 

English  Name 

Center  1 
x  (cm) 

Position 
y  (cm) 

1 

Vide 

Empty 

2 

Spectralon  blanc 

White  Spectralon 

25.4 

6.75 

3 

Spectralon  noir 

Black  Spectralon 

44.45 

6.75 

4 

Papier  sable  50 

Sand  paper  50 

10 

-6.5 

5 

Papier  sable  100 

Sand  paper  100 

26 

-6.5 

6 

Papier  sable  220 

Sand  paper  220 

41 

-6.5 

7 

Papier  sable  400 

Sand  paper  400 

10 

-22 

8 

Papier  sable  600 

Sand  paper  600 

26 

-22 

9 

Papier  sable  1000 

Sand  paper  1000 

41.5 

-22 

10 

Papier  sable  1500 

Sand  paper  1500 

10 

-37.5 

11 

Sac  de  papier 

Paper  bag 

26 

-37.5 

12 

Carton 

Carton 

41.5 

-37.5 

13 

Sac  de  plastique  transparent 

Transparent  plastic  bag 

9.4 

-54.5 

14 

Sac  de  plastique  Mel  ro  blanc 

White  plastic  bag 

26.5 

-52 

The  following  subsections  present  the  depolarization  ratios  and  relative  reflectivity 
analysis  results  following  experiments  conducted  on  these  sand  paper  targets. 

4.5.1  Depolarization  ratios 

The  depolarization  ratios  of  the  sand  paper  targets  on  panel  5  are  shown  in  Table  14, 
and  corresponding  plots  are  illustrated  in  Figure  27.  Target  14  ( white  plastic  bag) 
showed  the  largest  linear  depolarization  ratio  among  all  targets  on  panel  5,  while 
target  7  ( sand  paper  400)  showed  the  smallest  one  (close  to  target  3  which  is  the 
black  Spectralon).  The  targets  sequence  in  decrease  order,  based  on  the  depolarization 
ratio,  is:  8u  >  86  >  85  >  84  >  <5n  >  <5i2  >  88  >  810  >8 9  >  8 7.  Typically,  for  targets 
of  the  same  colors  (e.g.  targets  7,  9,  and  10),  the  depolarisation  ratio  increases 
with  the  number  grits.  Target  13  ( transparent  plastic  bag)  is  a  very  special  one: 
its  linear  depolarization  ratio  started  from  the  smallest  at  incident  angle  0  ° ,  and 
quickly  jumped  to  the  group  of  light  color  sand  papers.  The  circular  depolarization 
ratio  of  target  13  only  increased  from  incident  angle  0  to  15  ° ,  then  decreased  when 
incident  angle  further  increased.  This  may  be  due  to  the  uneven  surface  of  target 
13,  and  that  multi-scaterring  was  actually  in  effect.  The  target  sequence  of  panel  5, 
based  on  the  circular  depolarization  ratio,  is  slightly  different  from  the  linear  ones. 
Generally,  all  target  depolarization  ratios  increased  linearly  with  the  incident  angle 
with  approximately  (with  some  exceptions)  the  circular  depolarization  ones  from 
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30  °  to  45  ° .  Circular  depolarization  ratios  are  usually  2.5  ^  3  times  of  linear  ones, 
with  exception  of  target  13  which  showed  much  higher  ratios. 


Table  14:  Depolariza  tion  ratio  of  sand  paper  targets 


Target  # 

0 

(5 

15° 

Dcj 

L 

30 

DolarizE 

15 

ition  rf 

0° 

ttio 

<5, 

15“ 

c 

30 

45° 

1 

0.07 

0.10 

0.14 

0.16 

0.26 

0.32 

0.36 

0.42 

2 

0.45 

0.51 

0.52 

0.60 

1.32 

1.52 

1.56 

1.42 

3 

0.13 

0.24 

0.28 

0.28 

0.57 

0.67 

0.72 

0.57 

4 

0.36 

0.41 

0.46 

0.46 

0.98 

1.14 

1.40 

1.21 

5 

0.46 

0.48 

0.48 

0.49 

1.32 

1.48 

1.50 

1.32 

6 

0.49 

0.46 

0.53 

0.50 

1.24 

1.24 

1.48 

1.30 

7 

0.13 

0.14 

0.15 

0.19 

0.32 

0.35 

0.40 

0.57 

8 

0.27 

0.32 

0.35 

0.39 

0.74 

0.90 

1.05 

0.75 

9 

0.16 

0.18 

0.24 

0.28 

0.39 

0.46 

0.66 

0.74 

10 

0.22 

0.25 

0.29 

0.30 

0.67 

0.73 

0.85 

0.80 

11 

0.31 

0.39 

0.41 

0.43 

1.03 

1.25 

1.42 

1.29 

12 

0.30 

0.34 

0.40 

0.39 

0.90 

1.08 

1.35 

1.35 

13 

0.07 

0.20 

0.35 

0.46 

0.96 

1.39 

1.14 

0.93 

14 

0.43 

0.57 

0.57 

0.60 

0.91 

1.25 

1.25 

1.43 

4.5.2  Relative  reflectivity 

The  reflectivity  and  relationship  with  the  incident  angle  is  shown  in  Figure  29.  Anal¬ 
ysis  results  is  shown  in  Table  15. 

All  targets  reflectivity  decreased  with  incident  angle  from  0  °  to  30  ° ,  and  then  slightly 
increased  or  remained  unchanged  from  incident  angle  30  °  to  45  ° . 

Target  13  ( transparent  plastic  bag )  shown  the  largest  reflectivity  initially  (at  angle 
0  ° ),  then  dropped  dramatically  to  a  small  value  in  both  situations  of  linear  and 
circular  polarized  lights.  This  might  results  from  the  multi-scattering  due  to  uneven 
surface  of  the  target.  The  decreased  order  of  sand  paper  targets  based  on  their 
reflectivity  is:  6  — ■>  5  — ■>  4  — »  8  — ■>  14  — >  12  — »  11  — ■>  9  — >  13  — ■>  7  — ■>  10.  Target 
4  (sand  paper  50)  to  target  10  (sand  paper  1500 )  are  sand  papers  with  increasing 
grit  number,  where  targets  4  (sand  paper  50),  5  (sand  paper  100),  and  6  (sand  paper 
220)  are  in  light  colors.  Targets  7  (sand  paper  400),  9  (sand  paper  1000),  and  10 
(sand  paper  1500)  are  in  dark  colors.  Target  8  (sand  paper  600)  has  a  neutral  color 
between  black  and  white.  Obviously,  for  sand  papers,  the  lighter  the  color  and  the 
finer  the  sand  grit,  the  stronger  the  reflectivity  and  vice  versa.  Target  10  (sand  paper 
1500)  is  an  exception  with  the  smallest  sand  grit  but  the  weaker  reflectivity. 

Figure  30  illustrates  a  clear  trend  that  depolarization  ratio  of  sand  papers  and  some 
other  targets  on  this  panel  increased  with  the  target  reflectivity.  The  depolarization 
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Table  15:  Relative  reflectivity  results  of  sand  paper  targets 


Target  # 

0 

<5 

15° 

Re 

L 

30° 

lative  r 

45° 

eflectiv 

0° 

ity 

15° 

c 

30° 

45° 

1 

0.10 

0.07 

0.06 

0.06 

0.11 

0.09 

0.06 

0.07 

2 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

3 

0.14 

0.10 

0.08 

0.08 

0.12 

0.10 

0.08 

0.08 

4 

0.73 

0.56 

0.42 

0.46 

0.75 

0.62 

0.44 

0.46 

5 

0.73 

0.71 

0.52 

0.61 

0.79 

0.82 

0.52 

0.59 

6 

1.00 

0.99 

0.61 

0.66 

1.01 

0.91 

0.61 

0.61 

7 

0.16 

0.13 

0.08 

0.09 

0.22 

0.18 

0.08 

0.10 

8 

0.60 

0.50 

0.31 

0.30 

0.64 

0.56 

0.29 

0.28 

9 

0.27 

0.19 

0.11 

0.12 

0.28 

0.23 

0.11 

0.11 

10 

0.09 

0.06 

0.07 

0.09 

0.09 

0.07 

0.09 

0.11 

11 

0.26 

0.22 

0.21 

0.18 

0.32 

0.24 

0.22 

0.19 

12 

0.28 

0.24 

0.20 

0.23 

0.26 

0.24 

0.20 

0.24 

13 

1.04 

0.13 

0.10 

0.12 

1.35 

0.16 

0.11 

0.11 

14 

0.42 

0.34 

0.38 

0.42 

0.43 

0.32 

0.33 

0.40 

ratio  increased  with  the  incident  angle  too,  but  the  decrease  rate  after  15  °  was  small. 
For  targets  on  this  panel,  it  seems  that  a  linear  relationship  between  depolarization 
ratio  and  incident  angle  can  be  drawn. 
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Figure  27:  Depolarization  ratios  of  sand  papers  targets  and  their  changes  with  inci¬ 
dent  angle. 
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Figure  28:  Layout  of  sand  paper  targets 
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T5-1 

■ 

T5-2 

T5-3 

T5-4 

A 

T5-5 

T5-6 

T5-7 

T5-8 

T5-9 

T5-10 

T5-11 

T5-12 

T5-13 

T5-14 

(a)  Relative  linear  reflectivity 


T5-1 


T5-2 
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T5-B 
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T5-8 
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T5-10 
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(b)  Relative  circular  reflectivity 

Figure  29:  Relative  29(a)  linear  reflectivity,  and  29(b)  circular  reflectivity  of  sand 
papers  targets  and  their  changes  with  incident  angle 
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Relative  reflectivity,  R 


Figure  30:  Relationship  between  depolarization  ratio  and  reflectivity  of  sand  paper 
targets 
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4.6  Composite  plastic  targets 

Composite  plastic  targets  on  panel  6  are  shown  in  Figure  31  and  described  in  Table 
16. 


Table  16:  Composite  plastic  targets  and  position  of  the  center 


No 

On  the  list 

English  Name 

Center  1 
x  (cm) 

Position 
y  (cm) 

1 

Vide 

Empty 

2 

Spectralon  blanc 

White  Spectralon 

25.4 

6.75 

3 

Spectralon  noir 

Black  Spectralon 

44.45 

6.75 

4 

Caoutchouc  noir 

Black  rubber 

10 

-6.5 

5 

Silicone  orange 

Orange  silicone 

26 

-6.5 

6 

Teflon !  M  (polytetrafluoroethylene ) 

Polytetrafluoroethylene 
(Tel Ion  4 

41 

-6.5 

7 

Acrylique  +  PVC  Kydex  100 

Flame  retardant  sheet  (Kydex 
Acrylic  PVC) 

10 

-22 

8 

Poly-Ethylene-Haute-Densite 

High  density  polyethylene 

26 

-22 

9 

NEMA  Phenolique  +  Fibre  de 
verre 

Nema  phenolic  (glass  fiber  rein¬ 
forced) 

41.5 

-22 

10 

Acetal  1)  elrin 

Acetal  (Delrin™) 

10 

-37.5 

11 

Styrene  Opaque 

Opaque  styrene 

26 

-37.5 

12 

Vinyle  couleur  sable 

Sand-color  vinyl 

41.5 

-37.5 

13 

Vitre  de  plastique 

Plastic  glass 

10 

-54.5 

14 

Lexan 1 M 

Polycarbonate  resin  thermoplas¬ 
tic  (Lexan™) 

26 

-54.5 

15 

Bache 

Tarpaulin 

41.5 

-54.5 

The  following  subsections  present  the  depolarization  ratios  and  relative  reflectivity 
analysis  results  following  measurements  conducted  on  these  composite  plastic  targets. 

4.6.1  Relative  reflectivity 

Results  of  reflectivity  examination  of  each  target  is  shown  in  Table  17.  Figure  32 
illustrates  the  corresponding  chart  of  relative  reflectivity  of  each  target  on  panel  6  and 
their  change  with  the  incident  angle.  It  is  found  that  reflectivity  of  most  composite 
plastic  targets  slighlty  decreased  with  incident  angle  with  the  exception  of  targets 
10  (acetal),  11  opaque  styrene ,  and  12  ( sand-color  vinyl)  which  increased  a  little  at 
least  from  0  °  to  15°.  For  most  targets,  the  major  change  happened  when  incident 
angle  varied  from  0  °  to  15°.  In  that  case,  target  9  ( nema  phenolic)  showed  the 
largest  change  similar  to  some  metallic  targets.  For  other  targets,  the  change  mainly 
happened  from  0  °  to  15  ° ,  where  the  reflectivity  remained  almost  unchanged.  This  is 
the  case  for  targets  4  ( black  rubber ),  5  ( orange  silicone ),  6  (polytetrafluoroethylene) , 
9  ( nema  phenolic).  The  incident  angle  seems  to  have  little  influence  on  a  few  targets 
such  as  target  7  ( flame  retardant  sheet)  and  target  8  ( high  density  polyethylene).  Of 
all  composite  plastic  targets,  those  with  light  colors  (i.e.  targets  6,  8,  10,  11,  12, 


DRDC  Valcartier  TR  2008-394 


55 


15)  showed  larger  reflectivities  than  those  with  dark  colors  (targets  4,  5,  9,  13,  14). 
Subsequently,  the  black  ones  showed  least  reflectivity. 

Table  17:  Relative  reflectivity  results  of  composite  plactic  targets 


Target  # 

0 

(5 

15° 

Re 

L 

30° 

lative  r 

15 

eflectiv 

0° 

ity 

<5, 

15° 

c 

30 

45° 

1 

0.06 

0.07 

0.05 

0.05 

0.07 

0.08 

0.05 

0.05 

2 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

3 

0.08 

0.08 

0.09 

0.08 

0.08 

0.08 

0.07 

0.06 

4 

0.20 

0.07 

0.05 

0.05 

0.23 

0.07 

0.04 

0.05 

5 

0.28 

0.12 

0.09 

0.10 

0.31 

0.12 

0.07 

0.09 

6 

1.38 

1.07 

1.02 

1.05 

1.17 

0.87 

0.73 

0.87 

7 

0.31 

0.33 

0.27 

0.29 

0.31 

0.31 

0.20 

0.22 

8 

0.72 

0.71 

0.70 

0.69 

0.60 

0.56 

0.42 

0.58 

9 

1.93 

0.14 

0.12 

0.12 

2.15 

0.13 

0.08 

0.10 

10 

0.46 

0.84 

0.74 

0.68 

0.39 

0.68 

0.49 

0.50 

11 

0.93 

0.96 

1.34 

1.05 

0.90 

1.02 

1.11 

1.26 

12 

0.57 

0.86 

1.03 

0.84 

0.49 

0.82 

0.77 

0.63 

13 

0.19 

0.12 

0.08 

0.08 

0.21 

0.12 

0.06 

0.08 

14 

0.18 

0.12 

0.11 

0.10 

0.16 

0.12 

0.09 

0.09 

15 

0.73 

0.52 

0.36 

0.29 

0.85 

0.62 

0.33 

0.33 

4.6.2  Depolarization  ratios 

Depolarization  ratios  of  composite  plastic  targets  on  panel  6  and  their  change  is  shown 
in  Table  18  and  illustrated  in  Figure  33.  Like  most  other  panel  targets,  depolariza¬ 
tion  ratios  of  most  composite  plastic  targets  increased  with  the  incident  angle,  with 
exception  of  target  14  ( plastic  glass )  which  depolarization  ratio  decreased  when  the 
incident  angle  was  greater  than  15  ° .  Based  on  previous  observations  of  other  panel 
targets,  composite  plastic  targets  with  light  colors  (also  great  reflectivity)  showed 
larger  depolarization  ratios  (i.e.  targets  6,  8,  10,  11,  and  12).  Targets  with  dark 
colors  (less  reflectivity)  showed  smaller  depolarization  ratios  (i.e.  targets  4,  5,  and 
9)  when  considering  their  corresponding  reflectivity.  The  surprising  result  is  target 
14  which  had  the  smallest  reflectivity  but  showed  almost  largest  depolarization  ratio 
among  those  targets  on  the  same  panel  (Figure  34). 
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Table  18:  Depolarization  ratio  of  composite  plastic  targets 


Target  # 

0" 

(5 

15° 

Dcj 

L 

30° 

Dolarizc 

15 

ition  rf 

0° 

itio 

(5, 

15 

c 

30 

45° 

1 

0.10 

0.11 

0.13 

0.16 

0.28 

0.32 

0.39 

0.45 

2 

0.46 

0.48 

0.50 

0.47 

1.27 

1.45 

1.53 

1.52 

3 

0.24 

0.29 

0.36 

0.35 

0.46 

0.64 

0.86 

0.77 

4 

0.05 

0.14 

0.21 

0.25 

0.09 

0.33 

0.55 

0.64 

5 

0.08 

0.22 

0.31 

0.32 

0.16 

0.53 

0.76 

0.89 

6 

0.52 

0.71 

0.74 

0.81 

0.70 

1.00 

1.08 

1.26 

7 

0.18 

0.24 

0.36 

0.37 

0.45 

0.73 

1.05 

1.31 

8 

0.53 

0.83 

0.74 

0.77 

0.66 

1.00 

0.86 

1.02 

9 

0.03 

0.34 

0.41 

0.41 

0.06 

0.92 

1.27 

1.25 

10 

0.42 

0.75 

0.83 

0.84 

0.49 

0.88 

1.00 

1.10 

11 

0.26 

0.55 

0.51 

0.53 

0.60 

1.57 

1.53 

1.81 

12 

0.28 

0.42 

0.44 

0.43 

0.90 

1.49 

1.63 

1.65 

13 

0.06 

0.13 

0.20 

0.28 

0.10 

0.30 

0.46 

0.73 

14 

0.80 

0.98 

0.80 

0.67 

1.30 

1.84 

1.66 

1.54 

15 

0.14 

0.20 

0.35 

0.43 

0.75 

0.91 

1.05 

1.16 
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Figure  31:  Layout  of  composite  plastic  targets 
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Figure  32:  Relative  32(a)  linear  reflectivities,  and  32(b)  circular  reflectivity  of  com¬ 
posite  plastic  targets  and  their  changes  with  incident  angle. 
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Figure  33:  Depolarization  ratios  of  composite  plastic  targets  and  their  changes  with 
incident  angle. 
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Figure  34:  Relationship  between  depolarization  ratio  and  reflectivity  of  composite 
plastic  targets. 


DRDC  Valcartier  TR  2008-394 


61 


4.7  Sands 


Both  dry  and  wet  fine  (white)  and  coarse  (dark)  sands  were  examined.  These  targets 
are  presented  on  Table  19  and  illustrated  in  Figure  35. 


Table  19:  Sand  types  and  position  of  the  center 


No 

On  the  list 

English  Name 

Center 
x  (cm) 

Position 
y  (cm) 

1 

Vide 

Empty 

2 

Spectralon  blanc 

White  Spectralon 

25.4 

6.75 

3 

Spectralon  noir 

Black  Spectralon 

44.45 

6.75 

4 

Sable  mouille/sec  000 

Wet /dry  sand  000 

11.65 

-25.5 

5 

Sable  mouille/sec  030 

Wet /dry  sand  030 

42.15 

-25.5 

Figure  35:  Layout  of  sand  targets 

The  following  subsections  present  the  depolarization  ratios  and  relative  reflectivity 
analysis  results  following  experiments  conducted  on  these  sand  targets. 

4.7.1  Relative  reflectivity 

The  analysis  results  of  relative  reflectivity  is  shown  in  Table  20  and  Figure  36. 

Figure  36  shows  that  target  3  (dry  fine  sand)  had  largest  reflectivity  and  target  4 
( wet  coarse  sand)  showed  less  reflectivity.  Coarse  sands  always  showed  less  reflectivity 
than  fine  sands  no  matter  dry  or  wet.  Subsequently,  wet  sands,  fine  or  coarse,  always 
showed  smaller  reflectivity  than  dry  ones.  Reflectivity  of  dry  sands,  no  matter  fine 
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Table  20:  Relative  reflectivity  results  of  sands 


Target  # 

0° 

<5 

15° 

Re 

L 

30 

lative  r 

45° 

eflectiv 

0" 

ity 

15° 

c 

30° 

45° 

1 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

2 

0.49 

0.45 

0.70 

0.70 

0.52 

0.44 

0.63 

0.65 

3 

0.79 

0.80 

0.99 

0.89 

0.77 

0.73 

0.90 

0.90 

4 

0.15 

0.14 

0.13 

0.19 

0.14 

0.13 

0.13 

0.20 

5 

0.52 

0.38 

0.34 

0.62 

0.38 

0.35 

0.29 

0.54 

or  coarse,  increased  with  incident  angle,  while  wet  sands  decreased  from  0  °  to  30  °  or 
hardly  changed. 


4.7.2  Depolarization  ratios 

Analysis  results  of  depolarization  ratios  is  shown  in  Table  21  and  illustrated  in  Figure 
37.  Depolarization  ratio  of  sands  hardly  changed  with  incident  angle  from  0  °  to 
30  ° .  They  showed  noticeable  alteration  when  incident  angle  changed  from  0  °  to  45  "A 
However,  there  was  little  change  of  the  depolarization  ratios  of  the  dry  sands.  Similar 
to  reflectivity,  fine  sands  showed  higher  depolarization  ratios  than  coarse  sands,  no 
matter  dry  or  wet.  Furthermore,  depolarization  ratio  of  wet  fine  sands  was  greater 
than  dry  fine  sands,  but  not  so  much  difference  between  wet  and  dry  coarse  sands 
except  at  incident  angle  of  45  ° .  Circular  depolarization  ratios  of  sands  are  2  ~  2.5 
times  the  values  of  linear  ones. 


Table  21 :  Depolarization  ratio  of  sands 


Target  # 

0 

<5 

15° 

Dcj 

L 

30° 

Dolarizc 

45° 

ition  rf 

0 

ttio 

<5, 

15° 

c 

30° 

45° 

1 

0.48 

0.51 

0.54 

0.48 

1.41 

1.51 

1.63 

1.61 

2 

0.45 

0.46 

0.43 

0.44 

1.24 

1.20 

1.19 

1.23 

3 

0.55 

0.56 

0.57 

0.53 

1.21 

1.23 

1.28 

1.22 

4 

0.42 

0.41 

0.42 

0.59 

0.83 

0.82 

0.88 

1.02 

5 

0.68 

0.65 

0.65 

0.80 

1.09 

1.07 

1.11 

1.17 
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Incident  Angle  (  °  ) 

(a)  Relative  linear  reflectivity 


Incident  Angle  (  °  ) 


(b)  Relative  circular  reflectivity 


Figure  36:  Relative  36(a)  linear  reflectivities,  and  36(b)  circular  reflectivity  of  sands 
and  their  changes  with  incident  angle. 
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Figure  37:  Depolarization  ratios  of  sands  and  their  changes  with  incident  angle. 
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4.8  Construction  materials  and  grass 

Concrete,  asphalt,  and  two  different  fresh  grass  packets  were  examined.  Figures  38 
and  39  illustrate  the  grass  and  construction  targets,  respectively.  As  with  previous 
panels,  white  Spectralon  is  included  in  the  panel  to  get  the  relative  reflectivity  of 
each  target. 


Figure  38:  Layout  of  grass  targets 

The  reflectivity  and  depolarization  ratios  for  construction  targets  and  grass  are  pre¬ 
sented  in  Table  22  and  Table  23,  respectively. 

Table  22:  Relative  reflectivity  results  of  construction  and  grass  targets 


Target  # 

O' 

15" 

Re 

L 

30 

alive  r 

45' 

eflectiv 

0' 

ity 

15“ 

c 

30' 

45' 

1 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

2 

0.41 

0.42 

0.43 

0.53 

0.46 

0.41 

0.42 

0.51 

3 

0.20 

0.14 

0.18 

0.22 

0.20 

0.15 

0.18 

0.23 

4 

0.18 

0.09 

0.08 

0.13 

0.13 

0.09 

0.09 

0.11 

5 

0.62 

0.35 

0.35 

0.55 

0.54 

0.36 

0.37 

0.46 

Figure  40  and  Figure  41  illustrate  corresponding  charts  of  the  reflectivity  and  depo¬ 
larization  ratio  and  their  change  with  incident  angle  of  light. 
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Figure  39:  Layout  of  concrete  and  asphalt  targets 
Table  23:  Depolarization  ratio  of  construction  and  grass  targets 


Target  # 

O' 

(5 

15' 

Dej 

L 

30 

oolarizj 

45' 

ition  rt 

0' 

itio 

5 

15“ 

c 

30“ 

45' 

1 

0.48 

0.53 

0.50 

0.47 

1.45 

1.54 

1.63 

1.58 

2 

0.38 

0.41 

0.35 

0.39 

1.24 

1.28 

1.12 

1.26 

3 

0.30 

0.37 

0.36 

0.36 

0.85 

1.06 

1.13 

1.09 

4 

0.20 

0.27 

0.28 

0.26 

0.47 

0.63 

0.70 

0.66 

5 

0.41 

0.37 

0.37 

0.37 

1.05 

0.98 

1.01 

1.00 

4.8.1  Relative  reflectivity 

Reflectivity  of  these  targets  has  little  change  with  the  incident  angle.  A  reason  for  this 
might  be  the  fact  that  these  targets  have  surface  that  are  highly  uneven  and  where 
multi-scaterring  effects  are  important.  Grass  2  target  showed  very  strange  reaction 
to  incident  light  at  different  angles.  For  these  grass  targets,  there  was  almost  no 
difference  between  circular  and  linear  reflectivity. 

Concrete  target  showed  larger  reflectivity  than  asphalt,  which  is  reasonable  consid¬ 
ering  the  black  color  of  asphalt.  Correspondingly,  depolarization  ratio  of  concrete 
is  more  than  that  of  asphalt.  This  is  consequent  with  the  fact  that  targets  with 
higher  reflectivity  usually  show  more  depolarization.  Though  linear  depolarization 
ratio  of  concrete  decreased  slightly  with  incident  angle  from  15  °  to  45  ° ,  the  circular 
one  increased  with  incident  angle.  This  suggest  that  the  depolarization  ratio  of  both 
concrete  and  asphalt  increased  slightly  with  the  incident  angle. 

Grass  2  target  showed  higher  reflectivity  than  grass  1  (T4),  and  also  more  depolar¬ 
ization  ratio  of  T5  than  that  of  T4.  this  is  consequent  with  previous  observations. 
However,  the  depolarization  ratios  of  grasses  seemed  to  be  independent  to  the  inci- 
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dent  angle.  This  might  be  because  of  the  very  uneven  surface  of  the  grass  and  of 
multi-scaterring  effects. 
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Incident  Angle  (  °  ) 

(b)  5C 

Figure  40:  Relative  40(a)  linear  reflectivities,  and  40(b)  circular  reflectivity  of  con¬ 
struction  and  grass  targets  and  their  changes  with  incident  angle 
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Figure  41:  Depolarization  ratios  of  construction  and  grass  targets  and  their  changes 
with  incident  angle. 
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5  Summary  of  the  experimental  results 


Based  on  the  analysis  of  all  targets,  the  ones  with  light  color  and  smooth  surface 
showed  higher  reflectivity  than  the  ones  with  dark  color  and  rough  surface.  Circular 
polarization  reflectivity  is  usually  close  to  the  linear  reflectivity  with  the  exception 
of  some  targets  where  the  ratio  was  close  to  2.0.  It  is  also  found  that  for  most  solid 
targets  in  same  material  category,  targets  with  higher  reflectivity  usually  showed 
more  depolarization  ratio  than  targets  with  lower  reflectivity.  Depolarization  ratio 
increased  with  light  incident  angle,  and  circular  depolarization  ratio  is  usually  2  ~ 
3  times  of  the  linear  one  for  most  targets,  with  a  few  exceptions.  Each  material 
category  is  summarized  as  follows: 

1.  Panel  1  -  Insulation  targets.  Relative  reflectivity  of  insulation  targets  de¬ 
creased  with  the  incident  angle:  the  lighter  the  surface  color  and  the  smoother 
the  surface,  the  more  decline  the  reflectivity  with  the  incident  angle.  Depo¬ 
larization  ratio  increased  with  the  incident  angle,  approximately  linearly  with 
reflectivity. 

2.  Panel  2  -  Wood  targets.  Both  reflectivity  and  depolarization  ratios  of  wood 
targets  increased  with  the  incident  angle,  but  not  to  the  same  extent  as  insu¬ 
lation  targets.  Still,  the  depolarization  ratio  of  wood  targets  increased  slightly 
with  reflectivity. 

3.  Panel  3  -  Metallic  targets.  Metallic  targets  with  smooth  surfaces  and  light 
colors  showed  much  higher  reflectivity  than  white  Spectralon  at  incident  angle 
of  0  ° .  Then,  it  dropped  sharply  when  incident  angle  increased  to  15  ° ,  followed 
by  a  slight  decrease  when  light  incident  angle  further  increased.  In  that  case, 
the  reflectivity  was  below  the  white  Spectralon  reflectivity.  The  depolarization 
ratio  of  metallic  targets  increased  with  the  incident  angle.  However,  it  showed 
extremely  high  reflectivity  but  fairly  low  depolarization  ratios.  From  this  point 
of  view,  metallic  targets  are  special  objects  as  they  do  not  follow  the  general 
rules  that  depolarization  ratio  increases  with  reflectivity.  The  depolarization 
ratios  of  metallic  targets  are  pretty  stable  or  slightly  decreased  when  reflectiv¬ 
ity  increased. 

4.  Panel  4  -  Environmental  targets.  Relative  reflectivity  of  enviromental  tar¬ 
gets  decreased  from  incident  angle  0  °  to  15  ° ,  then  decreased  gradually  with  the 
incident  angle.  All  metallic  targets  showed  lower  reflectivity  than  white  Spec¬ 
tralon.  Both  crashed  or  curved  environmental  targets  made  of  same  materials 
usually  showed  little  difference  of  their  reflectivity,  but  varied  in  depolarization 
ratios.  The  crushed  ones  usually  showed  more  depolarization  than  non-crushed 
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ones.  However,  the  depolarization  ratio  of  crushed  bottles  or  cans  seemed  in¬ 
sensitive  to  the  incident  angle.  They  remained  practically  unchanged  with  an 
increase  of  the  incident  angle.  This  might  be  because  of  uneven  surface  of  those 
targets  and  some  multi-scattering  effects.  As  similar  to  wood  and  metallic  tar¬ 
gets,  the  depolarization  ratios  of  environmental  targets  seemed  little  related  to 
the  reflectivity  of  those  targets. 

•5.  Panel  5  -  Sand  paper  targets.  Like  metals,  relative  reflectivity  of  sand  paper 
targets  decreased  with  the  incident  angle.  However,  the  decrease  is  smoother 
than  for  the  metals.  The  depolarization  ratios  of  sand  paper  targets  increased 
with  the  incident  angle.  Similar  to  insulation  targets,  depolarization  ratio  of 
sand  papers  showed  approximately  a  linear  increase  with  reflectivity. 

6.  Panel  6  -  Composite  plastic  types.  As  for  metallic  targets,  composite  plas¬ 
tic  targets  were  composed  of  very  smooth  surfaces.  Indeed,  one  target  (i.e. 
nema  phenolic)  showed  very  similar  reflectivity  property  as  metallic  targets. 
Musi  targets  on  panel  6  showed  a  decrease  of  the  relative  reflectivity  and  an 
increase  of  the  depolarization  ratios  with  incident  angle.  Depolarization  ratio 
showed  a  quasi  linear  increase  with  target  reflectivity,  except  target  14  (i.e. 
polycarbonate  resin  thermoplastic )  which  showed  low  reflectivity  but  very  high 
depolarization  ratio. 

7.  Sand  targets.  Coarse  sands  always  showed  less  reflectivity  than  fine  sands, 
no  matter  if  it  is  dry  or  wet.  Reflectivity  of  dry  sands  increased  while  it  de¬ 
creased  with  the  incident  angle  for  wet  sand.  As  for  the  depolarization  ratio, 
fine  sands  always  showed  more  depolarization  ratio  than  coarse  sands.  This  is 
in  agreement  with  most  other  targets:  the  depolarization  ratio  increased  with 
reflectivity.  Depolarization  ratios  hardly  changed  with  incident  angle  from  0  °  to 
30 

8.  Construction  material  and  grass  targets.  Concrete  and  asphalt  were  ex¬ 
amined  and  there  was  no  surprise  that  higher  reflectivity  from  concrete  and 
more  depolarization  ratio  showed  up.  Incident  angle  seemed  to  have  no  influ¬ 
ence  on  reflectivity  of  these  targets,  mainly  due  to  the  very  uneven  surface. 
Circular  depolarization  showed  somewhat  increase  with  the  incident  angle,  but 
not  very  obvious  from  linear  depolarization  ratio.  In  general,  incident  angle 
showed  noticeable  influence  on  reflectivity  and  depolarization  when  targets  are 
fairly  smooth  surface.  Relative  reflectivity  usually  decreased  with  the  incident 
angle,  except  the  targets  of  different  wood  and  some  environmental  targets 
where  their  reflectivity  increased  with  the  angle.  Depolarization  ratio  increased 
with  incident  angle  of  polarized  light  for  most  targets,  when  their  surface  was 
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fairly  smooth.  As  to  the  relationship  between  reflectivity  and  depolarization 
ratio,  for  targets  of  the  same  material  category,  targets  with  higher  reflectivity 
usually  showed  more  depolarization  ratio,  with  the  exception  of  high  reflective 
metallic  targets,  highly  curved  ones,  and  targets  with  very  rough  surfaces. 
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6  Depolarization  ratio  comparison  with  lidar 

of  1.57  /im 


Previous  experimental  results  were  based  on  field  measurements  using  a  lidar  of  wave¬ 
length  of  532  nm. 

Other  field  measurements  of  depolarization  of  solid  targets  were  conducted  using 
1.57 nm  wavelength  lidar  in  September  2008.  In  this  case,  subtargets  on  each  panel 
were  examined  individually.  For  most  targets,  only  two  incident  angles  were  mea¬ 
sured.  These  measurements  were  mainly  used  to  compare  depolarization  ratios  of 
pollens.  However,  these  experiments  could  be  useful  to  compare  the  results  for  the 
same  targets  but  with  different  wavelengths.  Table  24  shows  analysis  results  of  de¬ 
polarization  ratios  of  targets  from  panel  1  to  6,  and  corresponding  materials  can  be 
found  in  Tables  1  to  19.  Figure  42  shows  comparison  of  depolarization  ratios  of  some 
targets  using  the  532  nm  and  1.57 gm  lidars. 


Table  24:  Depolarization  ratio  comparison  of  some  targets 


Target  // 

Pan 

0 

el  1 

15 

Pan 

0 

Li: 

el  2 

15° 

near  Di 

Pan 

0° 

epolarii 
el  3 

15° 

nation  i 

Pan 

0 

-atio  ( <5 
el  4 

15° 

l) 

Pan 

0° 

el  5 

15° 

Pan 

0° 

el  6 

15° 

4 

0.48 

0.48 

0.21 

0.38 

0.01 

0.07 

0.07 

0.46 

0.43 

0.45 

0.04 

0.08 

5 

0.36 

0.47 

0.25 

0.33 

0.02 

0.04 

0.08 

0.21 

0.47 

0.36 

0.41 

0.34 

6 

0.57 

0.57 

0.32 

0.36 

0.08 

0.18 

0.47 

0.45 

0.47 

0.48 

0.39 

0.73 

7 

0.74 

0.73 

0.26 

0.42 

0.03 

0.16 

0.40 

0.46 

0.09 

0.08 

0.09 

0.10 

8 

0.39 

0.40 

0.36 

0.40 

0.01 

0.05 

0.50 

0.51 

0.45 

0.46 

0.56 

0.69 

9 

0.31 

0.28 

0.35 

0.45 

0.05 

0.22 

0.40 

0.37 

0.16 

0.18 

0.37 

0.45 

10 

0.37 

0.53 

0.44 

0.47 

0.01 

0.05 

0.20 

0.14 

0.22 

0.17 

0.28 

0.53 

11 

0.09 

0.23 

0.39 

0.53 

0.02 

0.07 

0.23 

0.14 

0.43 

0.41 

0.34 

0.52 

12 

0.81 

0.50 

0.24 

0.35 

0.04 

0.08 

0.48 

0.19 

0.41 

0.42 

0.40 

0.37 

13 

0.05 

0.14 

0.23 

0.25 

0.04 

0.06 

0.09 

0.02 

0.06 

0.05 

0.09 

14 

0.44 

0.42 

0.33 

0.18 

0.02 

0.10 

0.10 

0.09 

0.08 

0.31 

0.39 

0.34 

15 

0.66 

0.52 

0.14 

0.15 

0.08 

0.16 

Most  target  depolarization  ratios  are  sensitive  to  the  lidar  wavelength.  Depolarization 
ratios  generated  from  light  of  the  1.5 pm  lidar  are  more  than  those  from  light  of  the 
532  nm  lidar.  Exceptions  of  some  environmental  targets  are:  panel  4  with  curved  or 
very  uneven  surfaces  (like  cans  and  bottles),  target  14  on  panel  6  which  is  special  (i.e. 
low  reflectivity  but  very  high  depolarization  ratio),  and  target  10  on  panel  6. 

Figure  42  also  shows  that  depolarization  ratios  at  incident  angle  15  °  are  usually  higher 
than  those  at  0  ° ,  no  matter  which  wavelength  was  used.  However,  it  is  not  the  case 
for  those  targets  with  curved  and  uneven  surfaces  such  as  plastic  bottles  (panel  4), 
targets  14  and  15  on  panel  1  and  target  14  on  panel  2.  Figure  42(b)  shows  that  the 
depolarization  ratios  of  metallic  targets  from  the  two  lidars  with  different  wavelengths 
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Figure  42:  Depolarization  ratio  comparison  between  532  mn  and  1.57 pm  lidars. 
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are  very  close  to  each  other.  Sand  papers  are  special  materials  too:  their  incident 
angles  showed  little  influence  on  the  depolarization  ratios  of  those  targets  in  the  case 
of  both  wavelengths. 

Environmental  targets  on  panel  4  are  complicated  because  they  contained  targets 
with  smooth  and  very  rough  surfaces,  and  the  results  can  be  dramatically  different 
if  the  light  hits  the  target  at  different  positions.  Multi-scaterring  may  be  greatly 
involved  for  targets  with  curved  or  very  rough  surfaces.  This  explains  why  the  results 
from  two  wavelengths  showed  different  trends  for  some  targets,  such  as  targets  10 
and  11  that  relatively  high  depolarization  ratios  were  found  with  wavelength  532 nm, 
while  relatively  low  depolarizations  with  1.57 fim.  Another  example  is  target  7  and 
target  15  on  panel  1,  with  fairly  high  values  using  the  1.57 /im  lidar. 

Figure  42  also  showed  that  depolarization  ratios  of  wood  and  metallic  targets  are 
fairly  stable.  The  depolarization  ratios  are  located  in  the  range  0.2  ~  0.4  for  wood 
targets  and  around  0.05  for  metallic  targets  when  the  incident  angle  was  set  at  0  % 
For  other  panel  targets,  relatively  large  range  showed  up  particularly  for  targets  on 
panel  6.  Figure  42(f)  shows  that  depolarization  ratios  of  most  targets  on  panel  6  are 
around  0.4  for  those  targets  with  lighter  color. 
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7  Conclusion  and  Future  work 


A  field  trial  was  carried  out  at  DRDC  Valcartier  during  14-16  May  2008.  The  aim 
of  this  trial  was  to  collect  active  polarization  signatures  of  solid  targets  in  order  to 
discriminate  them  from  their  background.  To  do  so,  reflectivity  and  depolarization 
ratios  of  these  solid  targets  have  been  measured  with  a  dual  image  polarization  lidar 
(consisting  of  a  Q  switch  laser  operating  at  532  nm),  a  telescope  and  a  gated  intensified 
CCD  camera  from  Andor  Technology.  Additionnaly,  polarization  signatures  were  also 
collected  using  a  lidar  operating  at  a  wavelength  of  1.57  /mi.  Different  types  of  targets 
have  been  measured:  construction  materials  and  grass,  textiles,  woods,  environmental 
targets,  insulation  materials,  sands,  composite  plastics,  and  metals.  The  set-up  was 
made  of  subtargets  mounted  onto  a  wooden  board  topped  by  a  white  and  a  black 
Spectralon.  Multi-target  boards  were  set  up  at  four  different  angles  (0  ° ,  15  ° ,  30  1  , 
45  ° ).  Then,  five  polarized  states  (linear  vertical,  linear  horizontal,  circular  left  and 
circular  right  and  Retarders'  Special )  were  used.  Since  the  depolarization  results  are 
based  on  the  average  counts,  five  images  were  acquired  for  each  polarization  state 
limiting  the  measuring  noise.  Therefore,  twenty-five  images  were  acquired  at  each 
angle  and  one  hundred  images  were  used  for  one  set.  Due  to  the  small  laser  beam 
divergence,  the  multi-target  board  was  then  turned  upside  down  so  the  second  half 
of  the  targets  could  be  measured. 

Experimental  results  showed  that  reflectivity  of  most  targets  decreased  with  light 
incident  angle  with  exception  of  wooden  targets  whose  relative  reflectivity  increased 
with  incident  angle.  The  depolarization  ratio  usually  increased  with  the  incident 
angle,  but  sands  and  grasses  are  exceptionnal  materials:  their  depolarization  ratios 
changed  little  with  the  incident  angle. 

Targets  with  high  reflectivity  usually  showed  more  depolarization  too,  with  the  excep¬ 
tion  of  metallic  targets  which  showed  very  high  reflectivity  at  incident  angle  0  °  but 
very  low  depolarization.  Furthermore,  they  showed  almost  no  correlation  with  the 
target  reflectivity.  The  linear  depolarization  ratio  linearly  increased  approximately 
with  reflectivity  if  other  properties  of  the  targets  are  similar.  Circular  depolarization 
ratios  are  usually  2  ~  3  times  of  corresponding  linear  ones. 

Linear  depolarization  ratios  of  targets  measured  from  lidar  operating  at  1.57 fim  are 
usually  higher  than  those  from  lidar  operating  at  532  nm.  Nevertheless,  this  is  not 
quite  true  for  targets  with  curved  or  very  rough  surfaces  and  uneven  color:  they  may 
show  trends  totally  opposite  to  the  above  conclusions. 

Wavelengths  hardly  affect  the  depolarization  of  most  metallic  targets;  they  are  pretty 
similar  for  the  influence  of  the  incident  angle  on  depolarization  ratios  of  sand  paper 
targets.  Among  all  the  panel  targets,  metals  are  the  worst  depolarizers,  showing 
depolarization  ratio  less  than  0.05.  Other  targets,  as  long  as  they  are  not  of  black 
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color,  showed  depolarization  ratio  around  0.4.  Some  of  them  may  even  reach  a  ratio 
up  to  0.6,  or  even  higher  when  they  have  high  reflectivity. 

For  the  measurements  performed  at  different  wavelengths,  numerous  ways  to  process 
the  data  have  been  used.  The  short  wavelength  lidar  has  already  been  described.  For 
the  measurement  using  wavelength  of  1.57 nm  lidar,  each  subtarget  was  measured 
individually,  thus  fairly  small  divergent  light  beam  was  generated  and  the  beam 
was  fairly  uniform.  Very  small  part  of  each  target  was  measured  and  used  for  the 
calculation  of  depolarization  ratios.  These  two  methods  may  not  cause  big  changes 
in  the  results  generated  for  targets  with  smooth  surfaces,  but  it  is  very  possible  to 
produce  large  difference  when  targets  surface  are  very  rough  or  have  uneven  colors. 
Still,  this  has  been  noticed  in  the  experimental  results  comparison  using  the  two 
lidars. 

The  detection  of  target  reflectivity  greatly  depends  on  the  laser  beam  calibration. 
Since  the  calibration  process  was  based  on  the  average  measurement  of  each  pixel, 
and  the  aerosols  in  the  air  may  not  be  always  the  same,  the  resulting  calibration  is 
not  perfect  for  each  measurement:  sometimes  relatively  big  errors  may  be  induced. 
To  avoid  that  the  laser  beam  uniformity  calibration  scheme  induced  some  calibration 
error,  a  small  divergent  laser  beam  measuring  each  target  individually  with  the  longer 
wavelength  lidar  was  used. 

The  polarimetric  signatures  collected  from  solid  targets  will  populate  a  reference  li¬ 
brary.  Nonetheless,  only  two  wavelengths  have  been  used  in  the  current  research, 
which  present  some  limitations  about  the  conclusions  that  can  be  drawn.  Future 
work  will  thus  involved  the  collection  of  additional  polarimetric  signatures  from  new 
targets,  at  different  wavelenghts,  and  including  a  wide  range  of  backgrounds.  More¬ 
over,  it  would  be  worthwile  to  compare  the  experimental  polarimetric  signatures 
acquired  against  target  models  originating  from  a  Modtran-P  or  through  the  use  of 
a  goniometer. 
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8  List  of  symbols/abbreviation- 
s/acronyms/initialisms 


ARP 

CCD 

DRDC 

EO 

G-ICCD 

ICCD 

LIDAR 

LWIR 

MFOV 

Nd-YAG 

RDDC 

WRT 


Applied  Research  Project 

Charge-Coupled  Device 

Defence  Research  and  Development  Canada 

Electro-Optic 

Gated  Intensified  Charge-Coupled  Device 
Intensified  Charge-Coupled  Device 
Light  Detection  And  Ranging 
Long  Wave  In  (Vailed 
Medium  Field  Of  View 

Neodymium  Doped  Yttrium  Aluminum  Garnet 
Recherche  et  Developpement  pour  la  Defense  Canada 
With  Respect  To 
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